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Abstract
The nitroreduction of 4NQO and five structural analogs were studied with 
respect to radical production and mutagenicity. In the umu assay, 4NQO was the most 
mutagenic analog. Addition of microsomal and cytosolic protein from induced and 
uninduced rat liver samples decreased 4NQO mutagenicity in the standard strain 
(Salmonella typhimurium TA1535/psk1002) 4NQO mutagenicity was also found to be 
decreased in the nitroreductase-deficient strain (Salmonella typhimurium 
TAl535NR/pskl002). In several strains of the Protox™ assay 4NQO yielded the 
highest induction rate as compared to other compounds tested. In the presence of 
ascorbate 4NQO cytotoxicity, but not mutagenicity, was substantially enhanced.
Oxygen consumption catalyzed during NAD(P)H-dependent microsomal 
electron transport was enhanced in the presence of 4NQO and 4NPO: this rate of 
enhancement was similar for both of these nitroarenes. Addition of various flavoprotein 
inhibitors implicated involvement of a flavoprotein in nitroarene-enhanced oxygen 
consumption. Replacement of microsomal protein with purified flavin-containing 
enzymes confirmed that one-electron reduction of 4NQO contributed to enhancement of 
oxygen consumption. The presence of a redox cycle between O? and various nitroarenes 
was indicated by direct observation of a nitroanion radical signal in anaerobic ESR 
studies, spin trappable superoxide anion radical adducts in aerobic ESR studies and the 
extent of oxygen consumption which was stoichiometricly greater with respect to the 
concentration of nitroarene present in the assay. ESR confirmed production of a 
nitrogen-centered radical from 4NQO reduction which was assigned, based on 
hyperfine splitting constants, as a hydronitroxyl radical from 4NOQO and 4HAQO.
NAD(P)H-dependent nitroreduction was catalyzed by microsomes and cytosol 
from several different animal species. Aroclor 1254was found to induce the
xvi
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nitroreductase activity of rat liver microsomes over uninduced microsomes. Various 
purified flavoenzymes catalyzed reduction of 4NPO to nitro anion radical, which was 
detected under anaerobic conditions, in concomitance with superoxide production. 
Cytosols prepared from normal, nitroreductase-deficient and nitroreductase-enriched 
(Salmonella Typhimurium TA1535/psk1002/pNM 11) bacterial strains from the umu 
assay catalyzed NAD(P)H-dependent univalent reduction of 4NPO- The nitroreductase- 
deficient strain had a greater capacity for this function than the other two strains.
xvii
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C hapter 1 Introduction
1.1 Objective
The goal of this study was to better understand the metabolic sequelae resulting in 
mutagenic expression of nitroarenes, particularly 4-nitroquinoline'A-oxide (4NQO). 
First, the mutagenic expression of 4NQO and a series of similarly stuctured 
compounds were evaluated in the umu gene induction assay in the presence and 
absence of microsomal and cytosolic protein from animals pretreated with inducers of 
the cytochrome P450-dependent mixed function oxidase (MFO) system. The 
compounds were tested in the presence and absence of ascorbate in the Xenometrix 
Protox™ assay. An advantage of the umu assay is the strain-specific enrichment or 
deletion of nitroreductasefs) and acetylase(s), enzymes crucial to the metabolism of 
nitroarenes. The Protox™ assay, while functioning in a manner similar to the umu 
assay, provides a variety of inducible promotors which can help to narrow the various 
potential loci at which 4NQO may cause damage.
Molecular oxygen (O2 ) significantly influences the kinds of products produced 
during oxidation-reduction (redox) reactions (Wardman et al., 1995). Therefore, the 
rates of O2  consumption by 4NQO and similarly structured compounds were studied 
in the presence of nonenzymatic and enzymatic reductants. These reductants included 
ascorbate, microsomal and cytosolic fractions from male Sprague-Dawley rats 
pretreated with benchmark inducers of the microsomal mixed function oxidase system 
and purified cytochrome P450 reductase (P450 R; EC 1.6.2.4), xanthine oxidase ( XO; 
EC 1.13.22) and DT-diaphorase ( DTD; EC 1.6.99.2). The enhanced rates of O2 
consumption in the presence of 4NQO and other compounds tested over those 
catalyzed by enzymatic or nonenzymatic reductants alone were consistent with the 
production of O2  and other free radical species (Mason, 1982). Electron spin
1
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2resonance (ESR) spectroscopy was used to test this possibility. Confirmation of the 
presence of O 2 centered radicals suggested their role in the mutagenicity of 4NQO 
and these other related compounds.
Because the presence of O2 in the microenvironment of the cell can vary 
significantly, and since oxygen can have an inhibiting effect upon xenobiotic radical 
metabolites formed, thereby inhibiting steady state concentrations of one-electron 
reduced products (Mason and Holtzman, 1975b), all ESR studies designed to 
characterize xenobiotic radicals were conducted in the absence of O2 •
1.2 Oxidative stress
Xenobiotics permeate our world as pollutants of air, land, and water, chemical 
constituents of food, and as medicines taken to combat diseases. Interactions with 
enzymes present in living systems alter these xenobiodcs to more polar forms often 
changing them to more active intermediates (Hansen and Shane, 1993). They may 
then go on to interact with various cellular components such as lipids, proteins, 
nucleic acids, or various antioxidants. Additionally they may interact with O2 and 
produce reactive O2  species (ROS) which are extremely reactive with virtually all 
cellular constituents (Wardman, et al., 1995). The chemical balance within a cell 
provides the enzymes and antioxidants required to live in an O2 atmosphere and 
combat toxins present in plant materials. The cell also contains a variety of enzymes 
which act upon xenobiodcs and begin a cascade which may eventually deplete the cell 
of its antioxidant defenses. This in turn may lead to cell disruption and death or to 
more insidious changes including carcinogenesis.
1.2.1 Biotransforaiation
Xenobiotics enter organisms through inhalation, ingestion, and absorption. 
Numerous enzymes work to alter these foreign compounds making them easier for the 
body to excrete. Biotransformation of xenobiotics to more hydrophilic metabolites is
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3mediated by these enzymes in processes classified as phase I or phase II metabolism 
(Hansen and Shane, 1993). Phase I enzymes may expose or add functional groups to a 
xenobiotic or they may oxidize, reduce or hydrolyze the compound. The resulting 
metabolites may then be directly excreted or conjugated through interactions with 
phase II enzymes to more water soluble intermediates. Those phase I enzymes which 
reduce xenobiotics by a one-electron transfer are more significant in free radical 
production, but whether it is these radicals or a two-electron reduction product that 
initiates carcinogenesis remains uncertain. Enzymes such as cytochrome P450 
reductase (P450 R) and xanthine oxidase (XO) are known to transfer one-electron to 
many compounds including O 2  and xenobiotic substrates (Winston et al.. 1984. Aust 
et al., 1993, Wardman et al., 1995). One-electron reduction products are highly 
unstable and readily react with other cellular constituents including O2  thus, 
regenerating the parent compound which can be reduced again. This process is called 
a redox or futile cycle (Fig. 1.1). Additional radicals are also created which are 
reactive with cellular components. Other enzymes of phase I metabolism reduce 
xenobiotics by two electrons producing metabolites thought to be active in 
carcinogenesis (Rickert, 1987, Tada, 1981). Putatively stable two-electron-reduced 
metabolites can produce radicals by one-electron oxidation (Kataoka et al., 1967) of 
the reduced compound. Exposure of organisms to xenobiotics can induce various 
enzymes (Okey, 1990), including those mentioned above, which increases catalytic 
reactions and metabolite production. Although free radicals produced by one-electron 
reduction are potentially damaging to cells, they are readily quenched by O2 with 
which they rapidly react by transferring a single electron (Ahmad, 1995, Wardman et 
al., 1995).
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1.2.2 Reactive oxygen species (ROS)
1.2.2.1 Oxygen
The increased presence of O2  in the atmosphere provided for an increase in the 
efficiency of energy production (18 times more energy compared to anaerobic 
glycolysis) by coupling O2  reduction during mitochondrial electron transport to ATP 
production (oxidative phosphorylation). Oxygen in its ground state has two unpaired 
electrons with parallel spin which makes O2  paramagnetic and in a triplet state (30 2) 
(Cadenas, 1989). Parallel orientation of the unpaired electrons of O2 inhibits 
reduction of 0 2  by addition of a pair of antiparallel electrons (Davies, 1995). This 
coupled with a strong 0 - 0  bond makes O2  somewhat less reactive. Weakening of the 
0 - 0  bond by the addition of an electron to make a superoxide anion radical (0 2*~) or 
by energetic activation o f30 2  to singlet oxygen ( l02 ), which transiently inverts the 
spin of the unpaired electrons to an antiparallel orientation (Table l.l)  (Bonnett, 1981, 
Halliwell and Cross, 1994, Koppenol and Liebman, 1984), allows for the energy 
cascade to be used. The evolutionary benefits of this increased energy production may 
have come at the price of O2 toxicity, exemplified as aging, reperfusion injury, and 
cancer (Kehrer, 1993), related to the reactive O2 species created as 0 2 is reduced. 
Equations 1-5 below illustrate the sequential four-electron reduction of 0 2 to H20  
(Winston, 1990).
0 2 + e~—> 0 2‘- 
0 2-'+H+ —> H02- 1.2
HO2  + e- + H +—>H 20 2 13
H20 2 + e- —>HO~ + HO- 1.4
HO- + e*—>H 20  13
Single electron reduction of O2 produces the superoxide anion radical ( 0 2*~. eq. 1.1 ) 
which is highly reactive. Addition of a proton (H+) to 0 2*~ produces the protonated
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 1.1: Physical and energetic states of oxygen
dioxygen
electronic
configuration
°2 --------' 4 4
* 4 4 
4
multiplicity triplet
bond ,t .  
length 1.21
Adapted from Bonnet, 1981
superoxide peroxide
4 - 4 4~4
4 4 It 4
4 4
doublet singlet
1.33 1.49
hydroperoxyl radical (HO2% eq. 1.2 ) which is further reduced to hydrogen peroxide 
(H20 2. eq. 13). A third electron produces the extremely reactive hydroxyl radical 
(HO*, eq. 1.4) and a fourth electron creates water. Other 0 2 centered radical 
producing reactions which readily occur are the Haber-Weiss (eq. 1.6 ) and Fenton (eq. 
1.7) reactions (Haber and Weiss, 1934, Fenton, 1894). Here metal centers such as iron 
interact with CH*' and H20 2  to produce HO to which damage resulting from 0 2 *' 
and H20 2  may be attributed.
0 2*' + H2 0 2 — > O2  + HO" + HO 1.6
Fe2+ + H20 2 — > Fe3+ + H0‘ + HO 1.7
Hydroxyl radicals and l 0 2  are the most toxic forms of ROS, but there are several 
others which play significant roles in oxidative stress (Table 1.2)
1.2.2.2 Natural sources of oxygen radicals
Superoxide is produced naturally (Fig. 1.2) during reduction of O2 in the 
electron transport chain of mitochondria or microsomes (Jakoby and Zigler. 1990). 
Compounds such as ubiquinone may pass their electrons directly to O2  rather than the 
next carrier in the chain (Chance, et al., 1979). Additionally, various flavoproteins 
such as cytochrome P450 reductase produce O2*- from reduction of 0 2 by the 
semiquinone radical of the reduced flavoprotein (Massey, 1994, 1995). Neutrophils, 
monocytes, and macrophages of the immune system use various oxidases to directly 
generate Ch’~ as a defense against microorganisms (Babior, 1992). When autoimmune 
diseases occur these radical defenses are used on healthy tissues of the home organism 
resulting in arthritis and lupus among other diseases. During trauma ruptured cells 
release their contents including transition metals like iron. These free metals catalyze 
rapid radical production and cause further tissue injury (Halliwell, 1990). Hydrogen 
peroxide can result from dismutation of O2*' or from direct production by peroxisomal 
flavoproteins such as D-amino oxidase and glucose oxidase (Pardini, 1995, Massey,
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Table 1.2: Reactive oxygen species (ROS)
Radical species Non-radical species
alkoxyl RO* Itydrogen peroxide H20 2
hydroperoxyl h o 2* hypochlorus acid HOCI
hydroxyl HO* ozone 0 3
nitrogen dioxide N <V peroxynitrite ONOO-
peroxyl ROO* singlet oxygen •o2
superoxide o2‘-
nitric oxide ON*
R=any organic molecule
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Figure 1.2; Natural Sources of ROS in the Cell
1994, 1995). Peroxisomes which are found in all animal cells and many plant cells 
produce large amounts of H2O2 when amino acids and lipids are broken down. 
Consequently, there are also large amounts of catalase (EC. 1.11.1.6) present to 
mediate the breakdown of H2O2 (Tolbert and Essner, 1981, del Rio et al., 1992).
1.13 Cellular damage
1.23.1 Lipid peroxidation by ROS
All cellular constituents can be damaged by free radicals. Lipid peroxidation 
can cause extreme damage to cellular membranes (Gutteridge and Halliwell, 1990) by 
disrupting membrane fluidity, causing selective permeability of the cell, and 
increasing loss of cellular integrity (Fig. 13 A). Damage to membranes occurs as 
unsaturated fatty acyl chains are altered by abstraction of a hydrogen atom from the 
carbon chain by a reactive species such as HO* (eq. 1.8 ). When O2 is present it can 
combine with the fatty acid at the carbon centered lipid radical giving rise to lipid 
peroxyl radicals (eq. 1.9). A chain reaction in which thousands of fatty acid chains are 
affected can result as the LOO* radical abstracts a hydrogen from surrounding 
unsaturated fatty acids (eq. 1.10) (McCord, 1985).
Lipid hydroperoxide, a product of this reaction, readily breaks down to other reactive 
species including lipid alkoxyl radical, aldehydes, alkanes, lipid epoxides and alcohols 
(Sevanion and Hochstein, 1985). Those lipid peroxidation products that are water 
soluble can migrate into other cellular compartments interacting with cellular 
constituents causing still more damage (Sevanian et al., 1968). They may form DNA 
adducts (Vaca et al., 1988) and interfere with normal enzymatic processes (Witz, 
1989). Radicals other than HO* can initiate lipid peroxidation. Singlet oxygen, for
LH + HO-—> L  + H20  
L* +O 2 —> LOO*
LOO- + LH —> LOOH + L* 1.10
1.8
1.9
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example, can also form peroxides from lipids by insertion of l 0 2  onto an unsaturated 
carbon skeleton (Singh, 1969).
Formation of fatty acid acyl hydroperoxides can stimulate phospholipases 
(Sevanion and Kim, 1965) that catalyze removal of hydroperoxides and formation of 
lysophospholipids which have detergent properties furthering membrane disruption. 
Release of hydroperoxides into the cytosol may allow for their detoxification by 
antioxidant enzymes like glutathione peroxidase for which lipid hydroperoxides are a 
substrate (Mannervik, 1965).
1.23.2 Protein oxidation by ROS
Proteins are highly susceptable to oxidative damage (Fig. 13B). This can 
occur either by interactions between lipid peroxidation products and proteins or by site 
specific reactions of H20 2 and Fe2* (or other metals) at metal binding sites of enzymes 
producing ROS (Stadtman, 1991). Oxidized proteins recognized by various proteases 
in the cell are degraded and replacement proteins are made (Giulini et al., 1994).
Those amino acids not damaged are recycled while damaged amino acids are degraded 
for ATP synthesis. Protein oxidation can result in more hydrophilic regions being 
made, which may disrupt local conformation of the protein causing partial 
denaturation and expose previously hidden hydrophobic regions. During times of high 
oxidative stress the mechanism for identification, degradation and replacement may 
not be able to meet the demands of the cell. Oxidized proteins may not be removed 
and may cross link forming insoluble protein aggregates which impair cell function. 
1 3 3 3  Oxidative damage to DNA
ROS may react directly to modify DNA or indirectly by damaging proteins 
and enzymes involved in regulating gene expression (Harris, 1992) (Fig. 13C). Direct 
damage to DNA occurs via a mechanism analogous to lipid peroxidation whereby 
hydrogen abstraction and O2  insertion occur on bases and the sugar-phosphate
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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backbone. This leads to DNA-protein crosslinks. DNA-DNA crosslinks, base 
modifications, and strand breakage among other forms of damage (Simic et al., 1969). 
Disruption of DNA replication, transcription and translation due to oxidation can 
result in mutations, senescence, and death (Ames et al., 1991). During oxidative 
damage a host of enzymes work to repair this damage to DNA. Usually modified 
bases, such as thymine dimers, are excised and then replaced with new bases (Spector 
et al., 1969). Direct repair of damaged bases can also occur and repair capability has 
been reported for glutathione peroxidases, glutathione S-transferase and DNA 
methylase (Ketterer and Meyer, 1969). Consistent with the fact that high levels of 
ROS are produced in mitochondia the number of oxidized bases found there is 1 in 
8000 while in the nucleus only I in 224,000 bases are found to be oxidized (Ames et 
al., 1991). Aside from direct DNA damage, pathways necessary for cell maintenance 
can be disrupted when DNA repair enzymes comandeer compounds such as NAD+ 
thus reducing the amount available for energy production. This may weaken the cell 
making it more susceptible to stress (Kehrer, 1993).
1.2.4 Antioxidants
Through time various antioxidant compounds and enzymes evolved to 
counteract highly disruptive radicals that result from O2  utilization (Fig. 1.4). Many 
lipophilic compounds such as the carotenoids (vitamin A; Larson, 1995) act to quench 
1C>2 while others such as a-tocopherol (vitamin E) dismutate peroxyl radicals (Mukai 
et al., 1991). Ascorbate (vitamin C) is a water soluble antioxidant which functions to 
regenerate a-tocopherol (Packer et al., 1979). It also directly intercepts C>2*~ and HO* 
(Cadenas, 1995). Enzymes that reduce O2 radical toxicity are superoxide dismutase 
(SOD; EC 1.15.1.1) (Beyer et al., 1991, Pryor, 1966), catalase (Halliwell and Cross,
1994), and glutathione peroxidase (Flohe, 1962). SOD catalytically dismutates 0 2 *' to 
H20 2  while catalase and glutathione peroxidase break down H20 2  to water and O2
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thus preventing the generation of HO* or ROO*. Additionally, the importance of 
glutathione and its accompanying enzymes is noted by the high concentrations of 
glutathione maintained by cells.
Under normal conditions the balance maintained by use and regeneration of 
antioxidants prevents most damage to cells from ROS. However, presence of redox 
cycling xenobiotics such as nitro-substituted compounds enhances production of O?*' 
and HO*. These radicals quickly deplete the antioxidant reservoir allowing for 
significant cellular damage such as lipid peroxidation and other degenerative 
processes (Kehrer. 1993).
1.3 Xenobiotic free radicals and cellular damage
Xenobiotics in the environment enter organisms through absorption, 
inhalation, or ingestion. Once inside the body they may be sequestered within various 
body compartments depending on their chemical natures. The more hydrophilic 
xenobiotics will be located in more aqueous environments while more hydrophobic 
forms will localize in membranes where lipid contents are high (Klaassen and 
Raymond, 1991). The role of xenobiotics in cellular damage and death can vary 
greatly or be remarkably similar despite differences in structure (Stohs, 1995). 
Metabolism by the body to remove these foreign compounds contributes to their 
ability to cause cellular damage. Part of their damaging capacity may result from 
interaction with O2  and production of ROS. There is some evidence to indicate that 
low levels of O 2  may contribute to greater toxicity of certain compounds (Masuda and 
Nakamura, 1990, Laureault et al., 1990). Interestingly xenobiotic interaction with 
some antioxidants has been shown to enhance toxicity rather than alleviating it (El Sisi 
et al., 1993). Because xenobiotics often mimic the structure of naturally occurring 
compounds they can trigger events that normally would not occur. An example is the 
role of calcium ion as a second messenger in apoptosis. As the internal cellular
it
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concentration of calcium increases cells undergo necrosis. Compounds like carbon 
tetrachloride, 2.3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). and quinones increase 
cellular calcium levels possibly through membrane damage which disrupts control of 
ion flow across the plasma membrane. There may also be some xenobiotic interaction 
with cellular pools of calcium ions located in mitochondia and microsomes (Orrenius 
et al., 1992, Wahba et al., 1990. Shertzer et al., 1992). Toxicity of compounds may be 
increased by enzymes such as cytochromes P450. Ah receptor mediated gene 
activation can turn on enzyme pathways that metabolize compounds like TCDD and 
polychlorinated biphenyls (FCB). Compounds capable of associating with the 
receptor act to increase cellular damage in this maimer and potentially increase ROS 
production, which can accompany xenobiotic metabolism (Nebert et al.. 1990). 
Inhibition of critical antioxidant enzymes can occur causing increased toxicity due to 
ROS production. Glutathione peroxidase can be inhibited by TCDD (Stohs, 1990) and 
other polychlorinated cyclic hydrocarbons (PCH) (Numan et al., 1990b). PCH also 
act to decrease SOD and catalase activity (Junqueira et al., 1988). Depletion of 
antioxidant compounds by xenobiotics also contributes to cell death as normally 
occurring oxidative damage accumulates for lack of these interceptors (Barros et al., 
1988, Numan et al., 1990a. Sata et al., 1992. Pritsos and Pardini, 1984, Abdel-Gayoum 
et al., 1992).
Xenobiotic damage can be mediated through free metals. Compounds, such as 
quinolones, aid free metals in ROS production by chelating and transporting metals 
across membranes where they undergo reduction and produce HO* (Yagi et al., 1990). 
Glutathione depletion, protein thiol oxidation, NADPH oxidation, ATP depletion and 
membrane disruption can occur either from direct interaction with the xenobiotic 
radical or due to ROS resulting from O 2  interaction with the xenobiotic radical.
Quinones (Kleber et al., 1991) and nitro-substituted polycyclic aromatic hydrocarbons
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(PAH) are good redox cyclers (Biaglow. 1981). PAH can be made naturally in the 
atmosphere or during incomplete combustion processes (Tokiwa and Ohnishi, 1966). 
They are found in foods, drugs and tobacco products. Their mutagenicity in the Ames 
assay ranges from virtually non existent ( 1-nitronaphthalene, 1.05 revertants/nmole 
TA98) to extreme (1,6-dinitropyrene, 192,000 revertants/nmole (Tokiwa et al.. 1981). 
How they exert their mutagenicity appears to be as varied as the compounds 
themselves, but ROS production by many of them occurs easily. How they are 
metabolized and what products result provide clues as to the mechanisms by which 
they induce cellular damage and cancer.
13.1 Nitroaromatic compounds
Nitroarenes are ubiquitous in the environment as products and by-products of 
industrialization (Tokiwa et al., 1967). Many of these nitrated, aromatic compounds, 
while often beneficial, are also highly mutagenic and possibly carcinogenic. It is 
speculated that their ability to undergo univalent reduction to redox cycling 
intermediates contributes significantly to their potent mutagenicity (Rosenkranz and 
Mermelstein, 1983). Reduction of these compounds occurs at the nitro group 
(Mulcahy et al., 1994) and may occur divalently or univalently (Fig. 1-5). Two- 
electron reduction of the nitro group can form mutagenic intermediates which act 
directly by covalently binding to DNA rather than generating oxidizing agents 
(Rickert, 1987). Univalent reduction can lead to strongly reactive free radical 
intermediates which can attack cellular components directly or indirectly by 
generation of ROS thereby causing cellular damage.
RNO2 + reductant —> RN0 2 *' 1 .1 1
2RNOr-+2H+ —> RNO + RNO2 + H20  1.12
RN0 2 *- + O2  —> RNO2  + 0 2 *- 1.13
RN0 2 *" + protein/lipid/DN A —> damage 1.14
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The redox potential of a xenobiotic compound controls its activation and radical 
interaction with O2 (Olive, 1979, Adams et al., 1980). Substituent groups on a 
compound and their position in the ring and in relation to other substituents as well as 
ring plane are important factors in determining the ease of reduction of a xenobiotic 
and how enzymes will react with it (Rosenkranz and Mermelstein, 1983,1985). Iwata 
et al.. (1992) noted that rates of reduction of nitronaphthalenes were found to increase 
with increasing substitution and that those nitro groups found in a 6  rather than an a  
position were more easily reduced by both microsomal and cytosolic nitro-reductases. 
This position-related reduction may result from electron distributions of the various 
nitro groups with respect to naphthalene ring orientation.
Localized pH also influences radical production and decay particularly under 
anoxic conditions (Wardman, 1995). At physiological pH xenobiotic radicals are 
unstable. Radical-radical interactions often occur yielding the parent compound and a 
two-electron reduced reduction product (eq. 12). The two-electron reduction product 
is often further reduced by cellular reducing equivalents such as GSH (Kazanis and 
McClelland, 1992). At high pH xenobiotic radical species are much more stable 
owing to the presence of OH * which acts to stabilize the radical (Wardman. 1985).
Their longer lifetimes and therefore higher concentration allows for a variety of 
interactions including radical—>radical, radical—>0 2 , and radical—>cellular 
components. Radical production and stability may be a more important metabolic 
result of cellular metabolism of nitro-substituted xenobiotics than two-electron 
reduction which often leads to detoxification of compounds even though these 
intermediates can covalently bind to DNA. Therefore, it is important to continue 
study of the metabolism of even highly characterized compounds like 4NQO to better 
understand their mutagenic responses.
i
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
20
13.2 4-nitroquinoline-iV-oxide
4NQO was first synthesized in Japan and was initially tested for its fungicidal, 
bacteriocidal and tumoricidal properties. Although awareness of its mutagenic 
characteristic was growing, its carcinogenicity was not noted until Nakahara et. al.
(1957) first showed that tumors were induced by skin painting and subcutaneous 
injection of 4NQO in mice. Metabolites of 4NQO were first noted in yeast and 
bacterial cultures and assigned as 4-hydroxyaminoquinoline-Ar-oxide (4HAQO) and 
aminoquinoline Af-oxide (4AQO) (Matsushima and Sugimura, 1971). Shirasu (1965) 
showed that 4HAQO, which is the four-electron reduction product of 4NQO, was 
apparently a better carcinogen than its parent compound and concluded that reduction 
of 4NQO to 4HAQO accounts for the strong carcinogenicity of 4NQO. During 
reduction of 4NQO nitro anion radicals are formed. Kataoka e t  al. (1966) studied 
ESR signals resulting from UV irradiated 4NQO in organic solvents. Signals obtained 
in benzene and hexane as well as from 15N-substituted compounds indicated that the 
unpaired electron resides on the nitro group nitrogen. 4HAQO also gave a strong 
radical signal. Although 4HAQO is not easily reduced, it can oxidize easily. The 
radical signal produced by this oxidation was studied in organic solvents by ESR 
(Kataoka et. al., 1967). These studies together with isotopic substitutions and 
calculated spin densities helped determine the structure of the radical. They proposed 
that a radical possibly produced during reduction of 4NQO may explain its 
carcinogenic sequelae. This is supported by evidence which showed a lack of toxicity 
for stable two-electron and four-electron reduced products of nitro-substituted 
compounds (Zeman et al., 1986).
Study of the structural requirements for the strong mutagenicity of 4NQO is 
limited. Kawazoe e t  al., (1967) sythesized a number of derivatives of 4-nitro and 4- 
hydroxyami noquinoline-1-oxide with an additional substituent group on different
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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carbon atoms of the two-ring system. Carcinogenicity of these derivatives was tested 
by subcutanous injection of mice. Tumor development and type of tumor formed was 
noted. All of the substituted 4-hydroxylaminoquinoline-1-oxides were strongly 
carcinogenic, which was expected since 4HAQO is believed to be the proximate 
carcinogenic metabolite of 4NQO reduction. Of the substituted 4NQO's, those not 
yielding the 4-hydroxylamino form upon reduction of the parent compound were not 
observed to be carcinogenic. This suggested that 4-electron reduction of the nitro 
group to produce the 4-hydroxylamino form was required for carcinogenesis. Another 
path by which 4NQO may exert its mutagenic character is through production of O2 
centered radicals when 4NQO undergoes single electron reduction to a nitro radical 
(eq 13 and Fig. 1.6 ). Biaglow et al., (1976) found that4NQO greatly enhances O2 
consumption and the oxidation of ascorbate.
A comparative structural analysis of 4NQO with respect to its metabolism, 
ability to redox cycle, generate xenobiotic radicals and exert mutagenic activity has 
not been accomplished in detail in the same study. It would be useful to study 4NQO 
in conjunction with various structural analogues such as 4-nitropyridine-A-oxide 
(4NPO), 1-nitronaphthalene (INN), and quinoline-Af-oxide (QNO) (Fig. 1.7). A 
comparison of metabolites of 4NQO such as 4HAQO and 4-nitrosoquinoline-JV-oxide 
(4NOQO) to the parent compound in a similar battery of experiments will reveal 
further information about its mutagenic action. Of the above mentioned compounds 
4NQO, 4NPO, and 4HAQO have been shown to be mutagenic (Sugimura, 1981, 
Takahashi et al., 1979, Qin, et al., 1990, Tokiwa and Ohnishi, 1986). In theory 
4NOQO should also be extremely reactive, but data on this compound are lacking.
Holistic understanding of the structure-activity relationships in the mechanism 
of action of a mutagen and its interactions with various cellular components is key to 
understanding xenobiotic chemistry and ultimately, drug design. Even a benchmark
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Figure 1.7: 4NQO and Five Structural Analogs
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mutagen like 4NQO requires further investigation so that compounds of its kind 
be tamed to medicinal and other uses.
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C hapter 2  Mutagenicity of 4NQO and Structurally Related Compounds in the 
umu Gene Induction and the Xenometrix Protox™ Assays
2.1 Introduction
Nitroarenes are ubiquitous in the environment as products and byproducts of 
industrialization (Tokiwa et al., 1967). It has been proposed that their ability to 
undergo univalent reduction to redox cycling intermediates contributes to their potent 
mutagenicity (Rosenkranz and Mermelstein, 1963). Reduction of these compounds 
occurs at the nitro group (Wardman et al., 1995) and may occur univalently or 
divalently. Univalent reduction can lead to reactive free radical intermediates which 
can attack cellular components directly or indirectly and thereby cause cellular 
damage. Divalent reduction of the nitro group can form mutagenic intermediates 
which covalently bind to DNA directly.
The mutagenicity of nitroaromatic compounds, depends on the structure of the 
compound in question and the various nitro-group reducing enzymes which act to alter 
it (Rosenkranz and Mermelstein, 1983,1965). The rates of reduction of 
nitronaphthalenes, for example, were found to increase with increasing substitution, 
and those nitro groups found in a 6  rather than an a  position were also found to be 
more easily reduced by both microsomal and cytosolic nitro-reductase (Iwata et al.. 
1992).
4-nitroquinoline- A-oxide (4NQO) is a benchmark mutagen which appears to 
be activated to its mutagenic intermediates by reduction of the nitro group. It is 
unclear whether one- or two-electron reduction plays a dominant role in this 
mutagenic expression. Some studies support a two-electron reduction of 4NQO to the 
four-electron reduced hydroxylamino metabolite to account for the extreme 
mutagenicity and carcinogenicity of 4NQO (Biaglow et al., 1977, Kato et al., 1970, 
Tada, 1981). In a study of 4NQO and its derivatives, Kawazoe et al. (1967) found that
25
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only those compounds which formed hydroxylamine metabolites were carcinogenic. 
Alternatively, univalent reduction of 4NQO can generate a reactive nitro anion radical 
which either causes cellular damage directly or redox cycles with oxygen (O2 ) 
producing O2  centered radicals (Biaglow, 1981). Both pathways of reduction result in 
reactive metabolites that can directly and indirectly interact with DNA. Analysis of 
the possible pathways of metabolic activation are greatly facilitated by use of various 
bacterial mutagenicity assays.
Our experiments utilize two bacterial mutagenicity assays to assess the 
structure-function relationships in the mutagenicity of 4NQO. The umu gene 
induction assay (Oda et al., 1985) is based on the activation of a gene construct that 
produces a chimeric protein, which is the product of a fusion between the umu DC 
gene and a B-galactosidase reporter gene. The umu DC gene promoter region is under 
control of the SOS response. Under normal cellular conditions lex A inhibitor protein 
blocks protein production of SOS controlled genes including the rec A gene. When 
global cellular damage occurs, in particular extreme DNA damage, constitutive rec A 
protein becomes activated cleaving lex A inhibitor proteins thus releasing SOS genes 
for expression (Ptashne, 1987). When the SOS response is induced the umu DC-lac Z 
construct expresses a chimeric protein with a fully functional B-galactosidase activity.
The umu assay employs several Salmonella strains which have various enzyme 
contents. The normal or standard strain (TAl535/pSK1002) has a full compliment of 
naturally occurring enzymes (Oda et al., 1985). The NM1000 strain is deficient in a 
"classical" nitroreductase while the NM1011 strain is enriched with this enzyme (Oda 
et al., 1992). This nitroreductase is believed to be a one-electron-transferring enzyme.
In bacterial strains lacking this enzyme the mutagenicity of 13-dinitropyrene (13- 
DNP) and 1- nitropyrene (1-NP), which,based upon electrochemical reduction 
characteristics (Klopman, et al., 1984). are believed to favor one-electron reduction.
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was suppressed (Rosenkranz and Mermelstein. 1983). It was concluded that one- 
electron reduction by the classical nitroreductase was required for the mutagenicity of 
13-DNP and l-NP. The NM2000 strain is based upon TA1535/1.8DNP and is 
deficient in O-acetyltransferase while NM2009 over expresses this enzyme (Oda et al..
1995). Two-electron reduction of nitro compounds yields the corresponding 
hydroxylamines which can autoxidize to form free radicals. Acetylation of the 
hydroxylamine group is also possible. This can be an important detoxification 
pathway because acetylation prevents oxidation of the hydroxylamine (Beland and 
Kadlubar, 1990). On the other hand acetylation can increase the carcinogenicity when 
the acetyl moiety is transfered from the N to O of the hydroxylamine group (by N,0- 
transacetylase) forming an acetoxy group which readily decomposes to a highly 
electrophilic arylnitrenium ion (chapter I. Fig. 1.5). The various Salmonella strains 
used in the umu assay provide a means by which the importance of nitroreducdon and 
acetyladon in mutagenicity can be explored. Appendix D has a table describing each 
strain created by Dr. Oda and his colleagues.
Nitroarene activadon was also assessed using the Xenometrix Frotox™ assay 
which exploits a gene construct similar to that found in the umu assay. Like the umu 
assay acdvadon of cellular transcription factors during oxidative stress events or 
DNA damage events enhances transcription of the promotor/B-galactosidase fusion of 
this assay (Nelson, et al.. 1968. Richards, et al., 1964, Wooden, et al., 1991). The 16 
strains used in the Protox™ assay differ from the umu assay in that they respond to 
different types of damage. Of particular interest were gene fusions which come under 
control of the SOS response, e.g., din D, rec A and umu DC. The din D is a DNA 
damage response locus and may play a part in activating the SOS response (Kenyon 
and Walker, 1980). Because 4NQO may express its mutagenicity through the
li
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production of superoxide anion radicals (0 2 *") it is useful to screen with the strain 
containing the soi 28 fusion, which responds to these radicals (Kogama et al.. 1988).
4NQO and five structural analogues were tested in the umu and Protox™ 
assays. Direct-acting mutagenicity of all compounds was compared. In some cases 
ascorbate or microsomal or cytosolic rat liver protein fractions were added to the 
system as electron donors or carriers.
2.2 Materials and methods 
2.2.1 Materials
Ampicillin, chloramphenicol, glucose-6 -phosphate, glucose-6 -phosphate 
dehydrogenase, NADP+. o-nitrophenyl B-D-galactopyranoside (o-NPG), ascorbate. 
4NQO, 4-nitropyridine-A-oxide (4NPO), 1-nitronaphthalene ( INN), quinoline-A- 
oxide (QNO), were purchased from Sigma Chemical Co., St. Louis, Missouri.
Sodium chloride, glucose, magnesium chloride, sodium phosphate monobasic, sodium 
phosphate dibasic, potassium chloride, magnesium sulfate, and disodium carbonate 
were purchased from Fisher Scientific, Pittsburgh, Pennsylvania. B-mercaptoethanol 
was purchased from Aldrich, Milwaukee, Wisconsin. Bactotryptone and yeast extract 
were purchased from DIFCO Laboratories, Detroit, Michigan. DMSO was purchased 
from Mallinkrodt, Paris, Kentucky. 4-hydroxylaminoquinolin- iV-oxide (4HAQO) was 
purchased from TCI America, Portland, Oregon. 4-nitrosoquinoline-iV-oxide 
(4NOQO) was prepared according to the method of Abramavitch and Smith (1975) as 
described in chapter 4. All microsomal, cytosolic and purified proteins not purchased 
were prepared as described in chapter 3.
2.2.2 Preparation of enzyme samples
Those protein samples from livers of induced and uninduced rats, as well as 
purified P450 reductase and DT-diaphorase were prepared in the laboratory as 
described in chapter 3.
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Z23 umu gene indactioa assay
The umu assay was performed as described in Oda et al., (1985). Bacterial 
strains were kindly donated by Dr. Y. Oda at the Osaka Prefectural Institute of Public 
Health. Osaka, Japan. A small amount of frozen bacteria taken with a sterile toothpick 
was placed in LB broth containing ampicillin (12.5 pg/ml) (Oda et al., 1965) and 
chloramphenicol, (10 /rg/ml) (Oda et al., 1992) if required, and grown overnight with 
vigorous shaking at 37°C. To obtain a log phase culture the overnight culture was 
diluted 20- to 50-fold, depending on the strain used, with TGA media (1% 
bactotryptone, 0.5% sodium chloride, 20% glucose, 12.5 p  gfrnl ampicillin and 10 
fig/m i chloramphenicol as necessary depending on the strain in use). Incubation 
continued until bacterial density at 600nm reached 0.25-03. Incubation mixtures 
contained 50 mM potassium phosphate buffer, 10 p \ of test compounds, protein such 
as microsomes, cytosols, or purified enzymes, NADPH generating system (5 mM 
glucose-6 -phosphate (G6 P), 1 mM NADP+, and 0 3 IU glucose-6 -phosphate 
dehydrogenase (G6 PDH)), and water to make up a total volume of 0.25 ml. A volume 
of 0.75 ml of the log phase bacterial culture was added to make a final volume of 1.0 
ml. Controls included water or DMSO instead of the test compound. After mixing, 
the tubes were incubated with vigorous shaking at 37°C for 2 hours. After incubation 
the tubes were placed on ice. During the incubation period test tubes containing 0.9 
ml of Miller’s Z-buffer (60 mM sodium phosphate dibasic, 40 mM sodium phosphate 
monobasic, 10 mM potassium chloride, 1 mM magnesium sulfate, and 50 mM B- 
mercaptoethanol, pH 7.2) were prepared. To these tubes 0.1 ml® of the cooled 
incubation mix was added with 25 pi of 0.1% sodium dodecyl sulfate (W/V) and 2.5 
pi neat chloroform. The test tubes were vigorously mix with a vortex mixer to 
facilitate lysis of the bacteria. B-galactosidase activity was assayed by adding 0.1 ml 
of o-NPG to each test tube and mixing. The tubes were transferred to a 37°C water
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bath and incubated f o r  3 0 ( l see equation below) minutes with shaking. The reaction was 
stopped by the addition of 0.5 ml of I M disodium carbonate. Test tubes were 
centrifuged in a table top centrifuge for 5 min at 3000 rpm and the OD of the samples 
was measured at 420 nm and 550 nm against air. The remaining 0.9 ml o f the 
bacterial incubation retained on ice was measured at 600 nm against TGA media.
Units of B-galactosidase activity were calculated according to Miller (1972).
Calculations
Activity units were calculated from the following equation where 
Miller unit=
1000 * (A # p -(  1.75 *A gy)) 
rimed) *0.lmI<2)*A600
1000—conversion factor of units B-galactosidase
A4 20—absorbance at 420 nm
1.7 5 *A55q—takes into account scatter of light due to particulates in the sample 
time—as specified in the text the amount of time the bacterial fractions were incubated 
with 0 -NPG
(2) 0 . 1 ml—as specified in the text the amount of bacterial culture taken from the first
incubation to be treated with chloroform and used to measure induced B-
galactisidase activity
A^oo—absorbance at 600 nm
Fold-induction=
activity in presence ofmutagen 
activity in absence of mutagen
A microtiter plate method for the umu assay adapted from Reifferscheid et al.
(1991) was also used. All spectrophotometric measurements were made on a
microtiter plate reader. A small amount of frozen bacteria taken with a sterile
toothpick was placed in LB broth containing ampicillin (12.5 /rg/ml) (Oda et al., 1985)
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and chloramphenicol, (10 /tg/ml) (Oda et al., 1992) if  required, and grown overnight 
with vigorous shaking at 37°C. To obtain a log phase culture the overnight culture 
was diluted in a 96-well microdter plate. LB broth was added to all wells, and the 
overnight culture was diluted so that an optical density (OD) of 0.05 - 0.2 at 600 nm 
was achieved. The culture was incubated with vigorous shaking at 37°C until an 
optical density of 0.2 at 600 nm or greater was achieved. To each appropriate well 25 
ftI of water, DMSO, or test chemical was added. The OD at 600 nm was measured 
again, and the culture was incubated for 1 .5 h with vigorous shaking at 37°C. After 
incubation the OD at 600 nm was measured and 2 0 0  ftl of the culture was transferred 
to another microtiter plate containing 40 ftl of chloroform. Each well was mixed 
thoroughly to lyse the cells. After cell lysis 40 ftl of the aqueous layer was transferred 
to a microdter plate containing o-NPG at 4  mg/ml in Miller's Z-buffer. The wells 
were mixed and a reading of OD at 420 nm was taken. The plate was incubated on the 
bench top for 30 minutes and a second reading at 420 nm was made. Units of B- 
galactosidase activity were calculated according to Miller (1972) adapted for a 
microtiter plate.
2.2.4 The Xenometrix Protox™ assay
The Protox™ assay was performed according to manufacturer’s instructions 
(Xenometrix Company, Boulder, CO) All materials except test chemicals and 
microdter plates were supplied in the kit 
23  Results
Direct-acting mutagenicity of 4NQO has been studied in many mutagenicity 
assays including all strains of the torn assay (Oda et al., 1985,1992,1993,1995,
1996). For comparison to other compounds and to characterize metabolism of 4NQO 
by enzyme fractions the response of 4NQO was tested in five different strains. Figure
2.1 compares induction of B-galactosidase activity by 4NQO and five structural
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analogs (two of which are metabolically reduced products of 4NQO) in the normal 
strain. The concentration ranges studied for each compound vary since their 
mutagenic and bacteriacidal potencies are very different. 4NQO yielded the greatest 
induction of B-galactosidase activity followed by 4NOQO and 4HAQO (Fig 2.1 A). 
4HAQO has been hypothesized to be the penultimate carcinogenic intermediate of 
4NQO reduction. McCoy et al., ( 1981a) gave evidence to the contrary and here we 
show that 4HAQO is less mutagenic in the umu assay than either the parent 4NQO or 
the two-electron reduction product, 4NOQO. It has also been speculated that 4NOQO 
is the carcinogenic endpoint of 4NQO metabolism (Ishizawa and Endo, 1967); we 
note that 4NQO is more mutagenic than its two-electron reduction product. Neither 
4NPO. INN. norQNO were strongly mutagenic in the umu assay. In Figure 2.IB 
bacterial growth rates in the presence of the tester compounds are compared. There is 
evidence that part of the mutagenic response measured in bacterial assays is due to 
cytotoxic effects of the compound in question (Rosenkranz et al.. 1994). Here we 
note that at the highest concentrations of 4NQO and 4NOQO evidence of cytotoxicity 
is seen, but this was not so with 4HAQO- At the highest concentration of 4HAQO 
tested (12.5 /*g/ml) substantial induction in mutagenicity is seen with only a marginal 
decrease in bacterial growth. Conversely, 4NPO did not significantly increase the 
mutagenic response even at the highest concentration tested yet caused a great 
decrease in bacterial growth.
O-acetylation occurs widely in bacterial and mammalian cells and is 
responsible for activating a number of compounds during phase II conjugation (Saito, 
1983, Mattano, 1989). Nitro reduction is important since one-electron reduction can 
produce reactive radicals while two-electron reduction can produce nitroso and 
hydroxylamino compounds thought to be the mutagenic products of nitro reduction 
(Rickert, 1987). Activation of xenobiotics by these enzymes can alter compound
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mutagenicity. Oda et al.. (1992.1995) created bacterial tester strains deficient and 
enriched for O-acetylase and a nitroreductase. While their data show only marginal 6 - 
galactosidase induction in these strains, we found their responses to be more 
interesting. Figure 2.2 shows the response of 4NQO in normal, acetylase-deficient 
and acetylase-enriched strains. Enrichment of this enzyme suppressed the mutagenic 
response of 4NQO while the lack of O-acetylase enhanced 4NQO mutagenicity. This 
indicates that O-acetylation of 4NQO is involved in the detoxification of 4NQO.
Reduction of the nitro group can be attributed to several enzymes (Rosenkranz 
et al., 1982). For the umu assay Oda et al., (1992) developed strains which are 
deficient or enriched for the "classical" nitroreductase which is believed to transfer a 
single-electron to the nitro group (Klopman et al.. 1984). Oda et al. reported that the 
mutagenicity of 4NQO was no greater in the nitroreductase-enriched strain than in the 
normal strain, however, a marked decrease in mutagenicity was observed in the 
nitroreductase-deficient strain. We also saw no increase in 4NQO mutagenicity in the 
nitroreductase-enriched strain over the normal strain. A 3-4 fold decrease in 
mutagenicity of 4NQO was seen in the nitroreductase deficient strain (Fig. 23).
The addition of crude enzyme fractions (microsomes or cytosol) to the 
incubation mixture is a standard protocol for differentiating those substrates that are 
direct-acting mutagens from those that require metabolic activation to exert their 
mutagenicity (promutagens). In this study the enzymes of the cytochrome P450- 
dependent mixed function oxygenase (MFO) system in rat liver microsomal fractions 
were tested for their effects on the mutagenic expression of 4NQO in 
TA1535/pSK1002 (normal strain) of the umu assay. Benchmark inducers of the 
microsomal mixed function oxygenase system in rats were used to enrich the 
microsomal fractions with specific P450 isozymes. Figure 2.4A shows the effects of 
varying the concentration of microsomal protein (0 - 2 0 0  jig) on the mutagenicity of a
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fixed concentration of 4NQO (0.47 /<g/ml)- Uninduced (control) and Aroclor 1254- 
induced microsomes suppressed the mutagenic expression of 4NQO to about 50 % of 
that observed in the absence of microsomes. Liver microsomes of 3MC-induced rats 
did not effect the mutagenicity of 4NQO. Cytotoxicity of 4NQO did not appear to be 
altered by the presence of microsomes (Fig. 2.4B).
One-electron reduction of 4NQO markedly enhances O2  consumption 
associated with microsomal electron transport concomitantly with the formation of O2 
radicals. This fact is the basis upon which a role for O2•" in 4NQO mutagenicity has 
been proposed (Biaglow, 1981). The addition of 5,10, and 20 units of SOD did not 
noticeably effect the mutagenic or cytotoxic expression of 4NQO regardless of the 
source of microsomes (data not shown). This lack of effect on 4NQO mutagenicity by 
SOD does not preclude Oo-'  participation because endogenous SOD in bacterial cells 
may be sufficient to remove the increased amounts of 0 2 *' produced by redox cycling 
4N Q 0and02.
One-electron-donating P450 reductase (P450 R) is a microsomal enzyme. A 
two-electron-transferring enzyme. DT-diaphorase(DTD). is found predominantly in 
the cytosol, albeit a low level exists in microsomes (Lind et al., 1990). In comparing 
the effects of microsomal and cytosolic fractions on the mutagenicity of 4NQO 
cytosolic enzymes were significantly the more potent inactivation (detoxification) 
catalysts on per mg protein basis (Fig. 2.5). In preliminary studies, when purified 
P450 R (0-40 /ig/ml or 0-2100 units cytochrome c reduction) replaced the crude 
fractions (0-200 fig/nd or 0-113 units cytochrome c reduction) in the reaction a 
moderate decrease in mutagenicity was noted (Fig. 2.6). Heat-denatured reductase did 
not reduce 4NQO mutagenicity. These data indicate a role for one-electron reduction 
in detoxification of 4NQO and other nitroarenes. 4HAQO is thought to be the 
immediate precursor of the the DNA-binding electrophile arylnitrenium ion in
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reductive metabolism of 4NQO (McCoy et al.. 198la). To study the effects of 
microsomal and cytosolic enzymes on 4HAQO mutagenicity liver fractions were used 
from rats pretreated with Aroclor 1254. which is a potent inducer of various cytosolic 
and microsomal nitroreductases (Okey, 1990) (Fig 2.7). No effects on 4HAQO 
mutagenicity were noted when 4HAQO was held constant at 1.6 //g/ml and the protein 
concentrations varied from 0-160 /<g/ml.
Of the sixteen E. coli strains developed by Xenometrix for use in their 
Protox™ assay four contain promoter regions for genes associated with the bacterial 
SOS response. These include the micF. din D, rec A. and umu DC genes. Initial 
screening experiments were performed in which 4NQO and the structural analogues 
used in the umu assay were tested in a dose-response regimen with each of the 16 
strains. Only those strains which were particularly responsive to the nitroarenes were 
used for subsequent study (see below). In the din D strain, which contains a promoter 
for a DNA damage locus (Fig. 2.8), 4NQO and 4HAQO were equally potent activators 
of the promoter; at the highest concentration of 4NQO (100 pg/ml) bacterial growth 
was nearly entirely inhibited. 4NPO was the only other nitroarene that was positive in 
the din D strain; compared to 4NQO and 4HAQO it was substantially lower yielding 
only a four-fold induction over background.
In the SOS response rec A protein functions to remove the lex A inhibitor 
protein from key SOS-inducible genes. Figure 2.9 shows that the rec A promoter is 
activated by 4NQO and 4HAQO but not by the other compounds tested. The 
induction by 4NQO appears slightly greater than 4HAQO. At the highest 
concentration tested 4NQ0,4NPO and INN were strongly cytotoxic. While 4NPO 
and INN do not appear to activate the rec A promoter they are extremely cytotoxic.
The umu DC strain contains the umu DC promoter whose protein product 
participates in error prone DNA repair (Frank et al., 1993). Here 4NQO is shown to
i
»
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be more mutagenic than the other compounds, although at the higher concentrations 
its mutagenicity is indistinguishable from 4HAQO (Fig. 2.10). 4NPO appears 
somewhat mutagenic in this strain whereas it was without effect on the other strains.
The soi 28 strain contains a promoter sensitive to oxidative damage caused by 
oxyradicals. 4HAQO was more mutagenic in this strain as compared to all other 
tested compounds, albeit it was only 2 -fold higher than 4NQO (Fig. 2.11).
Soluble, low molecular weight compounds such as ascorbate represent a major 
portion of the body's antioxidant pool (Biaglow et al., 1976). Ascorbate can reduce 
4NQO and promote C>2 consumption, but it has not been established whether 
nitroreduction by ascorbate results in mutagenic activation. When varying 
concentrations of ascorbate were incubated with a single concentration of 4NQO (12.5 
//g/ml) the mutagenicity of 4NQO was the same as in the absence of ascorbate (data 
not shown). However, in the din D, rec A and umu DC strains 4NQO cytotoxicity 
was exacerbated by the addition of ascorbate (Fig 2.12). Ascorbate alone was toxic 
only at its highest concentration. In the presence of 4NQO all concentrations of 
ascorbate tested in these Protox™ strains decreased bacterial growth by 80-90%.
Because ascorbate enhances O2 consumption by 4NQO, presumably with concomitant 
production of O i‘~ (Biaglow et al., 1976), it was anticipated that the reaction of 
ascorbate plus 4NQO would give a positive response in the soi 28 strain. However, 
under the conditions of our assay there was neither a noticeable increase in 
mutagenicity nor an exacerbation of cytotoxicity.
2.4 Discussion
The mutagenic and carcinogenic potential of nitroaromatic compounds is of 
immediate concern. Foods and medicines provide an avenue by which these 
compounds can enter the body where they can be detoxified or activated to more 
reactive intermediates. Reduction of the nitro group is obligatory for mutagenic
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
-16
ea
u3■e
12 -
1 0 -
10 100I.1
uVwaA
120  1
too -
80 -
«0  -
40 -
4NQO
4HAQO
4NPO
INN
QNO
20  -
0
•20
. 1 10 100
fig/ml nitroaromatic
Figure 2.10. Promoter induction by 4NQO and 
structurally related compounds in the Protox™ E.coli 
strain containing the umu DC promotor. Results are a mean 
± SD of 3 experiments in duplicate.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 7
u
10-
»-n
LOO
T
1
ab
U
2
120 1
L O O -
S O ­
S O  -
40 -
4NQO
4HA.QO
4NPO
INN
QNO
20  -
0 -
•20
.  L 10 100
/(g/ml nitroaromatic
Figure 2.11. Pro motor induction by 4NQO and 
structurally related compounds in the Protox™ E.coli 
strain containing the soi 28 promoter. Results are a mean ± 
SD of 3 experiments in duplicate.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
120
100
1 >0'
&
1 601
1 60 j
201
oJ
120
100
i *0Si
1
60
M
I 40-
20-
o-
<ltnb
■  ascorbate 
□  ascorbate ♦ 4NQO
rtc A
0 0.16 0.32 0.63 1.21 2.S S
mM ascorbatetot 28
■  ascorbate 
□  ascorbate + 4NQO
0 0.16 0.32 0.63 I.2S 2.S 5
mM ascorbate
I
■  ascorbate 
□  ascorbate + 4NQO
0.16 0.32 0.63 1,28 2.8
mM ascorbate
■  ascorbate 
ED ascorbate 1 4NQO
!
nmu IK
0.16 0.32 0.63 1,28 2.8
mM ascorbate
SB ; £ « » by
« p S t o S l p S 0 S e n “  rcprcS“ " S 4NQO growlh H  ascort,ale- R“ “‘“  «  a a w *  ±  S D tf  3
&o
expression of these compounds. Characterization in animals of the mutagenicity and 
carcinogenicity of the many chemicals that are manufactured and environmentally 
produced is economically impractical and provides little information about the 
mechanism of action of a chemical's carcinogenicity or mutagenicity. Bacterial 
assays are designed to answer narrower questions and can be used to predict the action 
of a compound under varying conditions.
4NQO, which has been well characterized in many mutagenicity assays 
including the umu assay, is interesting because of its extreme mutagenic potency. An 
understanding of the structural features of this molecule that render its unusual 
mutagenic potency will be of value in predicting mutagenicity and carcinogenicity of 
other chemicals and in designing prophylactic measures to abate these actions. 
Comparison of 4NQO in the normal strain of the umu assay to five structural 
analogues including two metabolites of 4NQO, showed that 4NQO is the most 
mutagenic. QNO which lacks a nitro group was neither mutagenic nor cytotoxic 
indicating the requirement of the nitro group for these activities. INN which lacks the 
N—K) moiety was only weakly mutagenic but exerted a dose-dependent cytotoxicity. 
Clearly the N—*0 moiety markedly influences the increase in the mutagenicity and 
cytotoxicity of 4NQO. 4NPO, which lacks the extra aromatic ring found in 4NQO, 
although only slightly mutagenic, showed a dose-dependent cytotoxicity. Based on 
these findings the potent mutagenicity of 4NQO is a holistic function of its structure.
Both 4NOQO and 4HAQO are assumed to be the penultimate mutagenic 
endpoints of 4NQO reduction since both are profound inducers of carcinogenesis 
(Ishizawa and Endo, 1967, Takahashi et al., 1987, Shirasu, 1965). However, McCoy 
et al., ( 1981a) concluded that 4HAQO is not as mutagenic as 4NQO, a finding which 
we corroborate here. They speculated that, "in situ the reduction of 4NQO leaves 
4HAQO esterified to an enzyme (bypassing the free HAQO state) which is then
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channeled to active nitrenium and carbenium ions." This implies that the mutagenicity 
of 4NOQO. the first two-electron reduction product of 4NQO reduction (Eq. 2.1), 
results from 4NOQO reduction by two-electrons to 4HAQO. Thus, reduction of the 
nitroso compound to 4HAQO followed by 4HAQO esterification should result in the 
profound mutagenicity ascribed to 4HAQO, but not seen by McCoy et al. ( 1981a).
4NQO + 2 e > 4NOQO + 2e > 4HAQO 2.1
When we tested free 4NOQO in the umu assay we found it to be less mutagenic than 
the parent 4NQO. This suggests that further reduction of 4NOQO by various 
bacterial nitroreductases to 4HAQO might not be required for maximal mutagenic 
expression and that a species intermediate to 4NQ0 and 4NOQO may responsible for 
4NQO mutagenicity.
Reduction of nitro compounds proceeds by either one- or two-electron 
reduction. One-electron reduction can lead to the production of nitrogen centered 
radicals which in turn interact with O2 in a redox cycle creating O2 centered radicals. 
Two-electron reduction leads to hydroxylamines which can oxidize to produce 
radicals. Under certain conditions acetylation of the hydroxylamines occurs.
Acetylation can both activate or inactivate a substrate depending upon the site of 
action. Some strains of the umu assay are available that are enriched or deficient in a 
nitroreductase or O-acetylase. When a compound is significantly less mutagenic in an 
O-acetylase-deficient strain it is generally interpreted that O-acetylation is required for 
mutagenicity. It follows therefore, that a compound with this requirement would be 
more mutagenic, or at least as mutagenic, in the enriched strain as compared to in the 
wild type. In the case of 4NQO, mutagenicity was actually greater in the deficient 
strain and lower in the enriched strain relative to the wild type (Fig. 2.2). Therefore, 
O-acetylation is suggested here to be a detoxification mechanism in 4NQO exposure.
ifu!
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4NQO mutagenicity was lower in the nitroreductase-deficient strain (Fig. 23) 
in the manner reported for I-nitro and 13-dinitropyrenes (Klopman et al.. 1984). 
which suggests a role for one-electron reduction in 4NQO mutagenicity by the so- 
called "classical” nitroreductase, purportedly the one missing in strain NM1000 
(Rosenkranz and Mennelstein. 1963). Hajos and Winston (1991b) showed that 
addition of DT-diaphorase, a two-electron-transferring enzyme to the nitro group, 
increased the mutagenicity of 13 DNP in the reductase deficient strain of the Ames 
assay (TA 98NR) to levels obtained in the normal strain (TA 96). These authors 
questioned the requirement for one-electron transfer by classical nitroreductase in 13 
DNP.
The endogenous levels of certain enzymes may be associated with risk toward 
certain kinds of cancers (Shimada and Guengerich, 1990. Beland and Kadlubar, 1990). 
In addition to enzymes such as cytochromes P450, certain reducing enzymes are 
inducible by chemical pretreatment and these enzymes appear to be important in the 
mutagenic expression of many nitroaromatic compounds (Robertson et al.. 1986, 
Nebert and Gonzales, 1987, Wardman et al., 1995). We compared the effects of 
microsomes from induced and uninduced rats on the mutagenicity of 4NQO. 
Interestingly, while uninduced microsomes appear to catalyze a basel level of 
detoxification it appears that this activity is down-regulated in rats pretreated with 
3MC. 3MC is an aromatic hydrocarbon that induces enzymes under the control of the 
Ah receptor. These include P450 LAI and P450 LA2 which are phase I enzymes and 
associated with mutagenic activation of compounds. Aldehyde dehydrogenase and 
glutathione transferase among other enzymes are phase U enzymes which are involved 
in detoxification and are induced by 3MC (Nebert et al., 1990). It appears that none of 
these enzymes have a role in decreasing 4NQO mutagenicity as reported here in the 
umu assay. Changes in P450 reductase and other reducing enzymes may account for
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the lack of effect of microsomes from 3MC-treated rats on 4NQO mutagenicity: since 
3MC does not induce P450 reductase concomitant to P450 as does PB and Aroclor 
1254 (Okey, 1990).
Aroclor 1254 is an inducer of enzymes in both microsomes and cytosol.
Various isoforms of cytochromes P450 are induced including those of CYP 1A and 
2B families (Okey, 1990) and P450 reductase (our data. Nebert and Gonzales, 1987). 
Among those induced in cytosol is DTD (~ 20-fold) (Procbaska and Talalay, 1986; 
Hajos and Winston. 1991a). Incubation of microsomes or cytosol with 4NQO 
decreased its mutagenicity in the umu assay, this decrease being significantly more 
pronounced with cytosol. The reduction of mutagenicity caused by microsomes and 
purified P450 R coupled with the fact that P450 R is induced in microsomes by 
Aroclor-1254 suggests a role for this enzyme in the reduction of 4NQO mutagenicity. 
Since this one-electron transferring enzyme has been implicated in the production of 
nitrogen and O2 centered radical intermediates of various nitroarenes i t  is somewhat 
counterintuitive that this pathway is associated with cellular detoxification of 4NQO. 
Since DTD, a two-electron transferring enzyme, is enriched in Aroclor-induced 
cytosol the observed attenuation of 4NQO mutagenicity by cytosol is not consistent 
with the formation of 4HAQO from 4NQO via two-electron reduction. According to 
the accepted paradigm for nitroarene mutagenicity, DTD-catalyzed reduction of the 
nitroso substrate to the hydroxylamine should enhance the mutagenic expression of 
4NQ Oasitdid 13 DNP in the work of Hajos and Winston (199lb). Other enzymes 
which detoxify 4NQO may have been induced. One-electron reduction was associated 
with detoxification of 4NQO mutagenicity (our data); therefore xanthine oxidase or 
some other one-electron transferring enzyme found in the cytosol may also be induced 
by Aroclor, which can out-compete DTD for substrate.
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Acetylation is believed to be a detoxification step in the action of some nitro 
compounds by preventing oxidation of the hydroxy lamine to a radical (Beland and 
Kadlubar, 1990). However, deacetylation leads to arylnitrenium ion formation, which 
is extremely reactive with DNA (McCoy et al., 1981a). Protonation of 4HAQO 
followed by dehydration can also lead to the arylnitrenium ion (Kohnstam et al..
1984). When microsomes or cytosol from Arochlor 1254-treated rats were incubated 
with 4HAQO no alterations in its mutagenicity were noted. Thus, detoxification of 
4NQO apparently does not involve interception of free 4HAQO, the 4-electron 
reduction product of 4NQO. Further reduction of 4HAQO also does not appear to 
increase 4HAQO mutagenicity unless as proposed by Kawazoe (1981), 4HAQO is not 
easily further reduced. A species produced prior to formation of 4HAQO may be 
responsible for4NQO mutagenicty.
The Xenometrix Protox™ assay provides gene fusions for genes associated 
with certain cellular responses, e.g., the SOS response and oxidative damage loci.
Strains that contain SOS response gene promoters din D, rec A, and umu DC gene 
fusions are profoundly responsive to 4NQO and 4HAQO. The other test compounds 
showed only weak or no response in these strains. In some cases it appeared that 
4HAQO may have activated these SOS response promoters more so than 4NQO- but 
with respect cytotoxicity, 4NQO was clearly more cytotoxic than 4HAQO. Because of 
this cytotoxicity at the higher concentrations it was difficult to compare the 
mutagenicity of these molecules in these strains.
In the strain containing the soi 28 gene fusion only 4HAQO showed an 
increase in B-galactosidase induction. This may have been due to extreme cytotoxicity 
which has been shown to mimic mutagenicity in some bacterial assays (Rosenkranz et 
al., 1994). One-electron reduction of 4NQO greatly enhances O 2  consumption. It is 
thought that this occurs due to redox cycling nitro anion radicals and O2  which
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produces O2*' (Biaglow. 1981). Increasing the production of oxyradicals radicals by 
addition of the reducing agent ascorbate would be expected to alter the mutagenicity 
of 4NQO. However, addition of various concentrations of ascorbate caused no 
change in B-galactosidase induction caused by a single concentration of 4NQO which 
markedly induced the B-galactosidase production in the absence of ascorbate. 
Examination of bacterial cell growth showed substantially increased cytotoxicity in 
din D, rec A, and umu DC strains. This indicated that the reaction of ascorbate with 
4NQO produced extremely toxic intermediates, albeit they did not alter gene induction 
caused by the nitroarene. Only the strain containing the soi 28 gene fusion appeared 
resistant to the profound cytotoxicity caused in the strains containing the other fusions. 
These findings are curious since the promoter region of these genes were fused to the 
B-galactosidase reporter gene, i.e. lac Z. Therefore only B-glactosidase should have 
been expressed when the soi28 promotor was activated. Further study into this 
phenomenon may reveal its source.
In conclusion, the holistic structure of 4NQO is essential for its profound 
mutagenicity: an analog devoid of any structural moiety of 4NQO is significantly less 
mutagenic in bacterial mutagenicity assays.
si
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Chapter 3  Enhancement of Oxygen Consumption
3.1 Introduction
Humans are exposed to xenobiotic compounds on a daily basis. Air. land, and 
water pollutants are an obvious source of exposure, but other sources include food and 
medicines (Tokiwa et al.. 1967, Rosenkranz and Mermelstein, 1963, Stohs, 1995). 
With food, for example, cooking creates and releases polycyclic aromatic 
hydrocarbons (PAH) and teas, coffees, and alcoholic beverages contain xenobiotics 
that we willingly ingest. Medicines are powerful xenobiotics designed to kill foreign 
organisms and for use in cancer therapy (Willson, 1991).
Exposure to xenobiotics activates a number of enzymatic systems which have 
evolved over the millenia to metabolize foreign compounds so that cellular and bodily 
excretion of these compounds is facilitated (Goeptar et al., 1995). While this may 
appear to be beneficial it can also increase the hazard of many compounds as they are 
altered by the body (Okey. 1990). Enzymes of the P450 family, glutathione-utilizing 
enzymes, and DT-diaphorase (DTD) (Tsuda, 1991) act in different ways to alter 
compounds. Also, the amount of each of these groups can be induced or depressed 
simultaneously by exposure to xenobiotics. It is easy to see the complexity of 
metabolism and, therefore, the difficulty in characterizing the fate and effect of a 
particular compound. This complexity is further confounded in the case of multiple 
exposures to pollutants like polychlorinated biphenyls (FCB), drugs like nitrofurantoin 
(NET), and alcohol. Such a combination is highly likely in humans. Therefore it is 
judicious to characterize a xenobiotic in such a way that isolates the compounds and 
enzymes that will act upon the foreign substance. Such characterization can aid 
pharmaceutical companies in drug design that optimizes a particular use.
55
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Both enzymatic and nonenzymatic oxidations are critical to in vivo reactions 
in all aerobic organisms. P450-dependent metabolism of xenobiotics obligatorily 
consumes oxygen (O2 ) for purposes of oxygenating lipophilic substrates to more 
hydrophilic products (Goeptar et al.. 1995). A single electron transfer from an enzyme 
or substrate to a xenobiotic can proliferate consumption of O2 if a redox cycle is 
established (Wardman et al.. 1995). Oxygenated intermediates resulting from P450 
metabolism are extremely toxic and can cause direct DNA damage. Xenobiotic 
radical intermediates resulting from one-electron reduction of the xenobiotic can 
deplete a cell of protective antioxidants allowing damage of many cellular constituents 
including DNA and lipid membranes. Both metabolic pathways are important, but the 
pathway used depends on the xenobiotic in question.
Nitroaromatic compounds are frequently used as antibiotics and 
radiosensitizers in cancer therapy even though they are known to be mutagenic and 
carcinogenic (Nakamura et al.. 1987). Understanding the mechanisms of these 
compounds is limited to individual examples of this group, and generalizations are not 
easily made. Therefore studying even benchmark compounds such as 4- 
nitroquinoline-A-oxide (4NQO) adds to the knowledgbase. Oxygen consumption 
during a chemical reaction is a direct measure of a compound's reactivity with O2 . In 
the case of nitroaromatic compounds it is an indirect measure of one-vs two-electron 
reduction processes. The enhanced autoxidation of ascorbate, a compound present at 
high concentrations in the body, by many electron-accepting drugs and environmental 
contaminants has been studied measuring O 2 consumption polarographically with a 
Clark O2 electrode (Biaglow et al., 1978). This chapter reports on the enhancement of 
O2 consumption by 4NQO in the presence of rat liver enzyme fractions from rats 
exposed to various classical inducers of enzymes of the liver MFO system and 
electron-transfer enzymes of the cytosolic fraction. The structural analogues used and
.i
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discussed in chapter 2  were studied in parallel in the present O2  consumption studies 
to determine if the structural elements of 4NQO required for mutagenic expression 
were also required for electron acceptance from enzymes and donation to molecular 
oxygen. The observed kinetics of O2  consumption will help to elucidate mechanisms 
by which these nitroarenes react in the liver to generate metabolites that cause cellular 
damage.
3.2 Materials and methods.
32.1 Materials
d-nitroquinoline-N-oxide (4NQO), 4-nitropyridine-N-oxide (4NFO), 1 - 
nitronaphthalene (INN), quinoline-Af-oxide (QNO), NADP+, NADPH, NAD+, 
NADH, magnesium chloride, tris-HCL, dithiothreitol (DTT), p-methylsulfonylfluoride 
(PMSF), 3-methylcholanthrene (3MC), butylated hydroxytoluene, glycerol, flavin 
mononucleotide (FMN), potassium phosphate, sodium chloride, sodium cholate, 
sodium oxycholate, sodium deoxycholate, sodium azide (NaN3 ), 
ethylenediamminetetraacetic acid (EDTA), diethylenetriamminepentaacetic acid 
(DTPA), desferrioxamine mesylate (deferryl), sucrose, lubrol PX, 2-AMP, 
cytochrome c, dichlorophenolindolphenol (DCPIP), cupric sulfate (CUSO4 ), p- 
chloromercuribenzoate (PCMB), ellipticine, SKF525-A, hexobarbital, phenobarbital 
cibacron blue column resin, 53-dimethyl- 1 -pyrroline- A-oxide (DMPO), AG 2'5-ADP 
-type 2  column resin, and ethylene glycol, glucose-6 -phospate, glucose-6 -phosphate 
dehydrogenase (Type II from Torula yeast), superoxide dismutase (SOD), catalase, 
xanthine oxidase (XO)were obtained from Sigma Chemical Co., S t Louis, MO. 
Aroclor was obtained from Foxboro Analabs, North Haven, CT. 4- 
hydroxylaminoquinoline- A-oxide (4HAQO) was obtained from TCI America Inc., 
Portland, Oregon. DMPO was solubilized in distilled water and filtered through 
activated carbon. It was then sealed with nitrogen and kept frozen at -80 C°.
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3.2.2 Animal treatment
Male Sprague-Dawley rats were obtained from Hilltop Lab Animals Inc.. 
Scottdale. PA., and housed in separate cages at constant temperature (25°C). humidity, 
and a 12-hour light/dark cycle. Animals were allowed free access to food and water 
until they reached a weight o f250 g. Phenobarbital (PB) pretreatment of the rats was 
accomplished by IP injection (80 mg/kg) for 4  consecutive days with sacrifice by 
decapitation on day 5. Aroclor-1254 pretreatment consisted of a single injection (200 
mg/kg body weight in com oil) five days prior to sacrifice by decapitation. 3- 
Methylcholanthrene (3MC, 35 mg/kg body weight in com oil) was injected on days 1.
3 and 4 prior to sacrifice by decapitation on day 5.
3.23 Microsome and cytosol preparation
Excised livers were weighed and homogenized in cold buffer (250 raM 
sucrose, 100 mM Tris (pH 7.4), 1 raM DTT, 0.1 mM PMSF, and I mM EDTA). 
Microsomes and cytosol were isolated by differential centrifugation as described 
previously (Winston and Narayan, 1968). Microsomes were stored in 0.1 M 
potassium phosphate pH 7.4 with 20% (v/v) glycerol and 1 mM EDTA at -80°C until 
used.
3.2.4 Purification of DT-diaphorase
Purification of NAD(P)H-quinone oxidoreductase was accomplished using the 
method of Prochaska and Talalay (1986) as modified by Hajos and Winston (1991). 
Cytosol was obtained from rats pretreated with Aroclor-1254, which induced 
dicumarol-sensitive DCPIP reductase activity by greater than 20-fold. The cytosol 
obtained from 6 rats was incubated with 20 ml preconditioned cibracron blue agarose 
(CBA) at room temperature in an orbital shaker for 90 minutes. Enzyme specific 
activity and recovery from supernatant was monitored by dicumarol-sensitive DCPIP 
reduction. After incubation the gel was allowed to settle, supernatant decanted, and
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the gel poured into a 20 x 1.75 cm column. After this point all steps were conducted 
at 4°C. The column was washed with buffer I (50 mM Tris-Cl, 3.5 M NaCl. pH 7.4). 
buffer 2 (5 mM Tris-CL pH 7.5), and buffer 3 (30 mM Tris-Cl. pH 10 containing 50% 
(v/v) ethylene glycol) followed by elution of the enzyme with 1 mM NADH in 20mM 
Tris, 50% ethylene glycol, pH 10. Active fractions were pooled, washed, concentrated 
and stored at -80°C.
3.25 Purification of cytochrome P450 reductase
Cytochrome P450 reductase was purified as described in Shephard et al.,
(1983). All procedures were carried out at 4°C. Microsomes were isolated from PB- 
induced rats. The microsomal pellet was resuspended to a protein concentration of 20 
mg/ml in 10 mM potassium phosphate. pH 7.7, containing 20% glycerol and I mM 
EDTA. Microsomes were flushed with nitrogen, homogenized, and solubilized by a 
modified procedure of Imai (1978). Microsomes were diluted to approximately 2.0 
mg/ml in 100 mM potassium phosphate (pH 7.7) containing 20% glycerol. 1 mM 
dithiothreitol, I mM EDTA, 2 mM FMN, 23 mM butylated hydroxytoluene, and 0.4 
mM PMSF. A 20% (w/v) solution of sodium cholate was added with stirring to a 
final concentration of 0.7% (w/v). Stirring was continued for 15 minutes, and the 
sample was then centrifuged for 1 hour at 100,000 x g. The supernatant was either 
stored at -80°C or loaded (10-15 ml/hour) onto a column (1.2 x 2.5 cm) of AG 2'5- 
ADP type 2 equilibrated with 100 ml of 10 mM potassium phosphate containing 20% 
glycerol and 1 mM EDTA pH 7.25. The column was washed with 250 ml of buffer A 
(03 M potassium phosphate pH 7.7,0.1 mM EDTA, 20% (v/v) glycerol, and 0.1% 
lubrol PX) followed by 350 ml of buffer B (30 mM potassium phosphate pH 7.7,0.1 
mM EDTA, 20% (v/v) glycerol. 0.15% (w/v) sodium oxycholate). Enzyme was 
eluted at a flow rate of 30 ml/hour with buffer C (30 mM potassium phosphate pH 7.7, 
0.1 mM EDTA, 20% (v/v) glycerol, 0.15% (w/v) sodium deoxycholate, 5 mM 2' AMP
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and 0.4 mM PMSF). Fractions with an A<iss-wi ratio >1 were pooled and dialyzed in 
100 volumes of 30 mM potassium phosphate pH 7.7.0.1 mM EDTA and 20% (v/v) 
glycerol. Purified enzyme was stored at -80°C with 0.4 mM PMSF.
3.2.6 Oxygen consumption
Oxygen consumption rates were determined using a YSI Clark-type 
polarographic electrode, electronic unit and standard bath assembly. Calibration and 
membrane stability were determined by measuring Ch consumption over a 15 minute 
interval in an air saturated 50-100 mM potassium phosphate buffer solution. The final 
reaction mixture is stated in appropriate Figure captions. Catalase and SOD were 
maintained at a final concentration o f4200 units/ml and 150 units/ml respectively.
3.2.7. Reduction of cytochrome c
Aerobic microsomal and purified enzymatic reduction of cytochrome c was 
determined. The reaction mixture contained 1.2 mM potassium cyanide (KCN), 50 
ftM cytochrome c and 50 pi\ of appropriately diluted enzyme dissolved in 100 mM 
potassium phosphate buffer pH 7.4 to a final volume of 1 ml. Reactions were 
completed in the absence and presence of menadione (40 pM). The reaction was 
initiated by the addition of 500 //M NADPH to the cuvette. All reactions were 
monitored at 25°C and 37°C. The dilution buffer for DT diaphorase (DTD) also 
contained 0.1% Tween 20 to aid stability of the enzyme. Reduction of cytochrome c 
was monitored spectrophotometrically as 550 nm against a reference which contained 
all reactants except enzyme. An extinction coefficient of E5 5 0  nm = 21 mM-'  cm * 
was used for quantification (Van Gelder and Slater, 1962).
3.28 ESR
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Varian Century series instrument The instrument was operated at 933 GHz, 20 
mW microwave power, and 100 kHz modulation frequency. Other instrumental
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conditions and final concentrations for all chemicals and proteins are given in the 
Figure legend.
33  Results
Treatment of animals with different MFO inducers causes induction of some 
enzymes while down-regulating others (Pelkonen and Sotaniemi, 1987). This is 
manifest by the different profiles of xenobiotic metabolism caused by different 
treatments. Enhancement of O2  consumption by 4NQO in the presence of microsomal 
protein from animals treated with different inducers is demonstrated in Figure 3.1. 
Microsomes from rats pretreated with Aroclor 1254, a mixture of polychlorinated 
biphenyl compounds (PCBs), or phenobarbital showed the greatest enhancement of 
NADPH-dependent O2  consumption (Fig. 3.1 A). The rate of O 2 consumption in the 
presence of 4NQO and liver microsomes from 3-methylcholanthrene (3MC) -induced 
rats was greater than that catalyzed by microsomes of uninduced control rats.
However, this rate was considerably lower than that observed with microsomes from 
Aroclor 1254- or phenobarbital-induced rats and NADPH as cofactor. When NADH 
replaced NADPH (Fig. 3 .IB) 4NQO-mediated rates of O2 consumption were 
decreased with all microsomal systems tested. Additionally microsomes from 3MC- 
induced rats catalyzed rates of O2 consumption equivalent to those from Aroclor - and 
phenobarbital-induced rats. Since different inducers can increase the amount of 
certain enzymes, results presented in Figure 3.1 may be indicative of which enzymes 
are acting with 4NQO to enhance O2  consumption.
Pretreatment of rats with Aroclor and phenobarbital increase the amount of 
P450 reductase (P450 R), a one-electron transferring enzyme in microsomes while 
3MC does not (our data, Nebert and Gonzales, 1987). This might explain the increase 
inO i consumption rates with microsomes from Aroclor- and phenobarbital-pretreated 
rats over those of 3MC-treated rats. P450 R preferentially accepts electrons from
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Figure 3.1. Effect o f inducer on 4NQO enhancement o f oxygen 
consumption. Panel A shows data obtained in the presence of 2 mM NADPH 
and panel B shows data obtained in the presence of 2.0 mM NADH. The 
reaction mixture contained 0.2 mg of the appropriate induced or uninduced rat 
liver microsomes, 0.1 mM 4NQO, 0.1 mM deferryl, 1.0 mM sodium azide, in 
100 mM potassium phosphate buffer pH 7.4. Final volume was 3.0 ml and 
temperature was maintained at 35°C. Oxygen concentration was measured 
with a YSI oxygen meter.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
63
NADPH over NADH. This could account for the lower O2 consumption rates noted in 
Figure 3. IB when NADH replaces NADPH as the electron donor. The rates of 
NAD(P)H-dependent O2  consumption at a single concentration of 4NQO catalyzed by 
microsomes from Aroclor-induced rats was dependent on the microsomal protein 
concentration (Fig. 3.2). When protein concentration was held constant and the 
4NQO concentration varied (Fig. 33 ) O2  consumption rates first increased with 
increasing 4NQO, reached an optimum and then decreased as 4NQO concentration 
was further increased. This was observed with NADPH and NADH albeit, the peak 
of activity differed between the two cofactors. One possibility is that the rate of O 2 
consumption was limited by the availability of enzyme. Doubling the amount of 
protein (Fig. 3.4, trace 2) increased the O 2 consumption rate for the highest 
concentration of 4NQO tested (0.8 mM). Doubling the amount of NADPH also 
increased the O2 consumption rate for 0.8 mM 4NQO (Fig. 3.4, trace 3). If P450 R is 
the major catalyst of 4NQO reduction and hence, O2 consumption, the decrease in O2 
consumption at higher concentrations of 4NQO may reflect feedback inhibition of 
NADPH-dependent P450 R by NADP+ as NADPH is used in the reaction (Slepneva 
and Weiner, 1988). By increasing the concentration of protein (enzyme) in the 
reaction more NADP+ would be required to inhibit the rate of O2 consumption. By 
increasing the concentration of NADPH the ratio of NADPH/NADP+ would be 
maintained at levels high enough to negate the effects of feedback inhibition caused 
by NADP+. Figure 3.5 shows that when the concentration of NADPH was increased 
from 2 to 4 mM and 4NQO and microsomal protein (from Aroclor-induced rats) were 
maintained at 0.1 mM and 0.25 mg, respectively the O2  consumption rate doubled.
This rate continued to increase to a maximum of 8 mM NADPH; the reaction becomes 
limiting between 8 and 16 mM. Higher rates of O 2 consumption are achieved if an 
NADPH-regeneration system (Fig. 3.6) is used to maintain a steady state level of
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Figure 3.2. Effect of protein concentration on 4NQO 
enhancement of oxygen consumption. Reaction mixture contained 
aroclor induced rat liver microsomal protein, 0.1 mM 4NQO, 0.1 
mM DTPA, 1.0 mM sodium azide in 100 mM potassium phosphate 
buffer pH 7.4. Final reaction volume was 3.0 ml and temperature 
was maintained at 35 C. Panel A shows data obtained in the
presence of 2.0 mM NADPH. 1: 0.25 mg protein. 2: 0.5 mg
protein. 3: 1.0 mg protein. Panel B shows data obtained in the
presence of 2.0 mM NADH. 1: 0.25 mg protein. 2: 0.5 mg
protein. 3: 1.0 mg protein. POA=point of addition
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Figure 3.3. Effect of 4NQO concentration on 4NQO enhancement o f 
oxygen consumption. Reaction mixture contained 0.2 mg of Aroclor induced 
rat liver microsomal protein, 4NQO (0.00156 mM - 0.8 raM), 0.1 mM defenyl,
1.0 mM sodium azide in 100 mM potassium phosphate buffer pH 7.4. Final 
reaction volume was 3.0 ml and temperature was maintained at 35°C. Either
2.0 mM NADPH or NADH was used to initiate the reaction.
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Figure 3.4. Effect of increased cofactor and protein concentration on 
depressed oxygen consumption in the presence of the highest 
concentration of 4NQO tested. I: 0.2S mg Aroclor induced rat liver 
microsomes, 0.8 mM 4NQO, 0.1 mM defeiryl, 1.0 mM sodium azide and 
2.0 mM NAlDPH in 100 mM potassium phosphate buffer pH 7.4. 2: 0.5 
mg aroclor microsomes 0.8 mM 4NQO, 0.1 mM deferryl, 1.0 mM sodium 
azide and 2.0 mM NADPH in 100 mM potassium phosphate buffer pH 7.4. 
3: 0.25 mg aroclor microsomes, 0.8 mM 4NQO, 0.1 mM deferryl, 1.0 mM 
sodium azide, and 4.0 mM NADPH in 100 mM potassium phosphate buffer 
pH 7.4. Final reaction volume was 3.0 ml and temperature was maintained 
at 35 C. POA=point of addition
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Figure 3.5. Effect of NADPH concentration on 4NQO 
enhancement of oxygen consumption. Reaction mixture contained 
0.25 mg Axoclor induced rat liver microsomes, 0.1 mM 4NQO, 0.1 
mM deferryl, 1.0 mM sodium azide in 100 mM potassium phosphate 
buffer pH 7.4. Reactions were initiated with 50 ul of stock NADPH to 
give indicated final concentrations. Final reaction volume was 3.0 ml 
and temperature was maintained at 35 C. POA=point of addition
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Figure 3.6. Effect of a generating system on 4NQO enhancement of 
oxygen consumption. Ail reactions contained 0.25 mg aroclor induced 
rat liver microsomes, 0.1 mM 4NQO and 0.1 mM deferryl in 100 mM 
potassium phosphate buffer pH 7.4. Final reaction volume was 3.0 ml 
and temperature was maintained at 35 C. 1: 2.0 mM NADPH. 2: 0.25 
mM NADP' + generating system, 3: 0.5 mM NADP* + generating 
system, 4: 1.0 mM NADP" +generating system. 5: 2.0 mM NADP" + 
generating system. POA=point of addition
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NADPH in the reaction, thus preventing NADP+ from accumulating and inhibiting 
P450R.
Among the possible explanations for O? consumption in these reactions is its 
use by the cytochromes P450-dependent MFO system. To test this possibility a 
number of classical P450 inhibitors on microsomal-mediated Cb consumption in the 
presence of 4NQO were studied (Table 3 .1). Carbon monoxide (CO) binds to the O 2 
binding locus at the P450 heme center and thus, prevents O 2 binding. Carbon 
monoxide did not inhibit O 2 consumption rates. SKF 525A and hexobarbital, which 
interact with P450 at sites on the protein chain, also did not inhibit O2  consumption 
rates. These results do not support a role for cytochromes P450 in 4NQO-mediated O 2 
consumption catalyzed by these microsomal preparations.
Oxygen consumption may occur from one-electron reduction of 4NQO as a 
redox couple is established in which O2 is converted to superoxide anion radical (O2 ’') 
by accepting an electron from a nitro anion intermediate (Fig. 1.1). Under such 
conditions hydrogen peroxide (H2O2 ) can be made by dismutation of 0 2 *' either 
spontaneously or by action of SOD, which is usually a contaminant of microsomal 
preparations. When catalase is added to the O2  electrode cell five minutes after 
initiation of reaction with NAD(P)H a back release of O 2 is noted indicating the 
presence of H2O2 , presumably from 02*" (Fig. 3.7, trace 1). Like SOD, catalase is a 
general contaminant of microsomal preparations. Therefore, addition of NaN3 , an 
inhibitor of catalase, should have a two-fold effect: 1) attenuation of rerelease of O 2 to 
the system, which would be seen as an overall increase in O 2 consumption, and 2) 
addition of excess catalase a few moments after azide addition should cause a larger 
burst of O 2 liberation followed by a more rapid recovery in O2 consumption as the 
azide effect takes over. Figure 3.7 shows the increase in O 2 consumption caused by 
addition of 1.0 mM NaN3 (trace 2). This confirmed the presence of contaminating
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1: Effect of Inhibitors on Oxygen Consumption
inducer Aroclor 1254 phenobarbital 3MC control
Inhibitor
cytochrome c — - - N/D
carbon monoxide — - - N/D
SKF525A - - N/D
hexobarbital — N/D N/D N/D
ellipticine N/D - N/D N/D
CUSO4 * + F + +
p-CMB* F +
dicoumerol _ N/D N/D N/D
DMPO - N/D N/D N/D
N/D = not determined
* tested in the presence of NADH and NADPH
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Figure 3.7. Effect of sodium azide on 4NQO enhancement of 
oxygen consumption. Reaction mixtures contained 0.5 mg aroclor 
induced rat liver microsomes, 0.1 mM 4NQO, 0.1 mM DTPA. 
Catalase (4200u) was added approximately 5 minutes after reaction 
was initiated with 2.0 mM NADPH or NADH. I : no sodium azide 
and NADPH as cofactor. 2: 1.0 mM sodium azide and NADPH as 
cofactor. 3: 1.0 mM sodium azide and NADH as cofactor. 
POA=point of addition
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catalase. and the accumulation of H2O2  thus indirectly confirming the presence of
o2*-.
Overall, results in Figure 3.7 are consistent with one-electron reduction of 
4NQO catalyzed by the microsomal preparations. If P450 reductase catalyzes 
univalent reduction of 4NQO, its inhibition should be manifest as inhibition of O2 
consumption. Table 3.1 also summarizes the effects of various inhibitors of P450 
reductase on the rates of O2  consumption. Ellipticine inhibits P450 by preventing 
electron transfer from P450 reductase to cytochrome P450 (Guenthner. et al.. 1980). 
The fact that ellipticine did not inhibit O2  consumption supports the lack of 
cytochrome P450 participation in 4NQO enhancement of O2  consumption but does not 
necessarily rule out the role of P450 R in this system. CUSO4  inhibits P450 reductase 
by shunting electrons from the enzyme (Woeringloer et al., 1979). Addition of this 
P450 R inhibitor decreased O2  consumption in the presence of 4NQO; 60 ftM CUSO4  
inhibited O2  consumption rates to background levels (Fig. 3.8). Mercury based 
inhibitors such as p-chloromercurobenzoate (PCMB) are potent inhibitors of 
flavoproteins (Nisimoto and Shibata, 1962) and are used classically to inhibit P450 R. 
PCMB potently inhibited O 2  consumption by 4NQO and microsomes (Table 3.1): 7.5 
/*M PCMB inhibited O2  consumption to background levels (Fig. 3.8). Aroclor is an 
inducer of microsomal DT-diaphorase (DTD), a flavoprotein which can be found in 
microsomes in small amounts ( Lind et al., 1990). Addition of dicoumarol, a potent 
inhibitor of DTD (Ernster, 1987), did not inhibit O2  consumption, indicating a lack of 
involvement of DTD (Table 3.1).
The above strongly implicates P450 R as the major one-electron reduction 
catalyst of 4NQO and, hence, O 2 consumption by microsomes. Replacement of 
microsomes with purified P450 R promoted O2 consumption by 0 .1 mM 4NQO (Fig. 
3.9). Compared to xanthine oxidase and DTD, P450 R catalyzed the highest rate of
JL'
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Figure 3.8. Effect of CuSO, and PCMB on 4NQO enhancement of 
oxygen consumption. Reaction mixture contained 0.2 mg Aroclor 
induced rat liver microsomes, 0.1 mM 4NQO, 1.0 mM sodium azide, and 
2.0 mM NADPH to initiate reaction in 100 mM potassium phosphate 
buffer pH 7.4. I: no inhibitors. 2: 60 uM CuS04. 3: 7.5 uM PCMB. 
Final reaction volume was 3.0 ml and temperature was maintained at 35 
C.
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Figure 3.9. Effect of various purified enzymes on 4NQO 
enhancement of oxygen consumption. All reaction mixtures 
contained 0.1 mM 4NQO, 0.1 mM DTPA and 2.0 mM NADPH 
or NADH as indicated. Reaction 2 is the exception where 
4NQO is replaced by DMSO. I: 75 ug DTD, NADPH or 
NADH. 2: 2.0 ug P450 R and NADPH (-) substrate. 3: 50 ug 
xanthine oxidase, NADH. 4: 2.0 ug P450 R, and NADPH. 5:
2.0 ug P450R and NADH.
I
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O2 consumption per mg protein. Purified DTD catalyzes two-electron transfer to 
numerous xenobiotic substrates (DeFIora et al.. 1988). DTD did not enhance 4NQO- 
mediated O2 consumption which was to be expected if DTD catalyzed two-electron- 
transfer to 4NQO. Xanthine oxidase (XO) is a one-electron transferring catalyst 
(Nakamura and Yamazaki, 1969) used as a 02*" generator in numerous studies 
(Winston et al.. 1984. Beyer et al.. 1991). This enzyme appears also to transfer one- 
eledron to 4NQO as indicated by enhanced O 2 consumption in its presence.
However, per mg protein it does not react with 4NQO to enhance O 2 consumption as 
well as P450 R.
Enzyme content of induced microsomes will vary greatly. Therefore, a 
comparison of microsomal activity toward one enzymatic reaction with respect ot 
cytochrome c reduction was characterized. Reduction of cytochrome c in the presence 
and absence of menadione, which can mediate and enhance electron transfer to 
cytochrome c. was used to compare each microsomal system to one another and to the 
purified enzymes (Table 3.2). When compared in this way microsomal preparations 
from Aroclor-1254- and phenobarbital-induced rats gave a higher rate of reduction of 
cytochrome c than those from 3MC-induced and uninduced control rats. Addition of 
menadione increased activity for all enzyme preparations except purified P450 R.
This indicates that in addition to enzymes like P450 R that can directly reduce 
cytochrome c. enzymes such as DTD, which rely on mediaries like menadione to 
reduce cytochrome c, were also present in the microsomal samples. Of the purified 
enzymes tested DTD, with the aid of menadione, was the best reducer of cytochrome c 
followed by P450 R, which does not require menadione, and XO, which uses 
menadione to reduce cytochrome c.
The structural analogues of 4NQ0 were tested with Aroclor-1254 induced 
microsomes (Fig. 3.10). Of these only 4NPO gave O2 consumption rates comparable
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Table 3.2: Reduction of Cytochrome c by Microsomal and Purified Enzyme Systems
_  _
menadione
enzvme
(+) (-) (+) (-)
Aroclor i*s 564 ± 21 394 ± 21 330 ± 23 293 ± 40
Phenobarbital /is 527 ± 12 367 ± 40 277 ± 44 237 ± 43
3-MC /is 320 ± 9 255 ± 18 215 ± 11 197 ± 19
uninduced /i s 333 ± 28 197 ± 33 105 17 85 ± 9
DT diaphorase *1124 ± 85 N/A *893 ± 103 N/A
P450 reductase 52607 ± 291 56930 ± 240 26190 ± 134 26583 ± 357
Xanthine Oxidase 5549 ± 429 645 ± 34 1308 ± 71 110 ± 5
N/A-not applicable
*=/*moIes/min/mgall others nmoles/min/mg
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Figure 3.10. Effect of differing compound structure on enhancement of 
oxygen consumption. Reaction mixture contained 0.2 mg Aroclor 1254 
induced rat liver microsomes, 0.1 mM of appropriate compound, 0.1 mM 
deferryl, 1.0 mM sodium azide, and 2.0 mM NADPH to initiate the reaction in 
100 mM potassium phosphate buffer pH 7.4. Final reaction volume was 3.0 
ml and temperature was maintained at 35°C.
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to 4NQO. QNO, which lacks a nitro group substitution on the ring, did not give a 
response, which supports the idea that the nitro group and not the iV-oxide (N-*0) is 
critical for enhanced O2  consumption. In support of the role of the nitro group in 
stimulating O2 consumption INN was a better stimulator than 4HAQO and QNO. 
albeit not better than 4NQO and 4NFO. 4NOQO and 4HAQO, the two- and four- 
electron-reduced metabolites of 4NQO, respectively did not significantly enhance O2 
consumption. Further reduction of 4HAQO is slow (Kawazoe, 1981) indicating that 
the hydroxylamino group does not accept or donate electrons as readily as the nitro 
group, which likely explains the lack of O2 consumption by 4HAQO. 4NOQO is 
quite unstable in aqueous solution and thus, has not been as well characterized as 
4HAQO. The former probably autooxidizes to form a free radical product or 
dimerizes with other molecules of 4NOQO. The compound is extremely sensitive to 
air and heat, and it visibly degrades, changes color, upon exposure to either. Even 
though it was added to the reaction mixture only seconds before initiating the reaction 
no O 2 consumption above background was recorded (data not shown).
In the presence of microsomes from Aroclor-1254- induced rats peak 
enhancement of O2 consumption by 4NPO required higher concentrations of 4NPO 
than 4NQO (Fig. 3.11, compare to Fig. 33). This was true with NADH and NADPH. 
With purified P450 R the dependence on 4NQO and 4NPO concentrations was 
similar to that obtained with Aroclor microsomes (Fig. 3.12). With Aroclor 
microsomes 4NPO mediates as great or greater O 2 onsumption than 4NQO at 
equivalent concentrations; the opposite is true when purified P450 R is used. Oxygen 
consumption resulting from the redox cycling of 4NQO requires the nitro group for 
reduction and the strong electron withdrawing nature of the N—*0 moiety most likely 
adds to the reactivity of the nitro group. The additional ring of 4NQO does not effect 
the ability of these compounds to enhance O2 consumption via a redox cycle.
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Figure 3.11. Effect o f 4NPO coucentratiou on microsolmal oxygen 
consumption. Reaction mixture contained 0.2 mg aroclor 1254 induced rat 
liver microsomes, 4NPO (0.00156 mM - 0.8 mM). 0.1 mM deferryl, 1.0 mM 
sodium azide and either 2.0 mM NADPH or NADH to initiate the reaction in 
100 mM potassium phosphate buffer pH 7.4. Final reaction volume was 3.0 
ml and temperature was maintained at 35°C.
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Figure 3.12. E ffect of purified P450 reductase with varying 
concentrations o f 4NQO and 4NPO on enhancement o f oxygen 
consumption. Reaction mixture contained 2.0 fig P450 reductase, 4NQO or 
4NPO (0.00156 mM -0.8 mM), 0.1 mM deferryl, and 2.0 mM NADPH to 
initiate the reaction in 100 mM potassium phosphate buffer pH 7.4. Final 
reaction volume was 3.0 ml and temperature was maintained at 35°C.
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The participation of a molecule such as 4NQO in a redox cycle can be readily 
determined as follows. Since the O2  concentration in the reaction mixture is known 
for any given temperature the precise amount of O2 consumed in a reaction is easily 
determined. A redox cycle results when the extent of O2 utilized is stoichiometrically 
greater than the concentration of 4NQO. Figure 3.13 illustrates this principle. In the 
3 ml final reaction volume at 35°C and 100 mM potassium phosphate there are 618 
nmoles of molecular oxygen. The concentration of 4NQO is 50 (150 nmols/3 ml).
Approximately 90% or 556 nmoles of O2 was consumed during the reaction which is 
significantly greater than the 150 nmoles that would be used if the reaction between 
O2 and 4NQO was stoichiometric.
The presence of Ck*- resulting from redox cycling of 4NQO may be directly 
confirmed by electron spin resonance spectroscopy (ESR) and spin-trapping 
techniques. Figure 3.14A shows the classical ESR signal (spectrum) of a DMPO- 
superoxide adduct with hyperfine constants of a^  = 143, a^6 = 11.4, a^g = 1.25. This 
signal was achieved in the presence of 4NQO, microsomes or P450 R, DMPO and 
NADPH. The removal of any of the above components from the reaction mixture or 
the addition of SOD to the complete reaction mixture resulted in loss of the signal 
(Fig. 3.14B). The loss of signal due to SOD strongly supports the presence of Of ' -
3.4 Discussion
The relationship between microsomal metabolism of 4NQO and O2 
consumption was investigated here. Microsomal preparations used were from livers 
of rats pretreated with various benchmark inducers of the P450-dependent MFO 
system. Comparison of four different liver microsomal preparations on their ability to 
influence 4NQO-mediated O2  consumption clearly revealed the difference in the 
catalytic capability of these preparations with respect to reductive metabolism of 
nitroarenes. Liver microsomes from Aroclor 1254- and phenobarbital-pretreated rats
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Figure 3.13. Loss of oxygen over time in the presence and absence of 
4NQO. Reaction mixture contained 0.2 mg aroclor L254 induced rat liver 
microsomes, 0.05 mM 4NQO, 0.1 mM deferry 1,1.0 mM sodium azide, and 2.0 
mM NADPH + generating system (8 mM glucose-6-phosphate, 4  mM 
magnesium chloride, and 150 u glucose-6-phosphate dehydrogenase) in a 100 
mM potassium phosphate buffer pH 7.4. Final volume was 3.0 ml and 
temperature was maintained at 35°C.
. s i
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Figure 3.14. Superoxide anion radical produced by the reduction 
of 4NQO by arodor 1254 induced ra t liver microsomes. Reaction 
mixture contained 35 mM DMPO, 0.2 mg of aroclor induced rat liver 
microsomes, 0.1 mM 4NQO, 0.1 mM DTPA, 1.0 mM NaN,, and 2.0 
mM NADPH to initiate the reaction in 100 mM potassium phosphate 
buffer pH 7.4. Panel A: (-) SOD, panel B: (+)150 units SOD. Spectra 
were collected on a Varian century series ESR: 9.33GHz, 3345 center 
field, 20 mW power, 100 G scan width, 6.3 xl0s gain, 2.0 minute scan 
time, 0.128 second time constant.
i  .
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significantly enhanced 4NQO-mediated O2 consumption as compared to those from 
livers of 3MC-induced and uninduced control rats. Rate enhancements were 
dependent on NADPH; with NADH no rate differences were observed between the 
microsomal preparations.
Cytochromes P450 use O2  to alter xenobiotic structure in detoxification 
pathways in the liver, but the use of classical P450 inhibitors such as carbon 
monoxide, SKF525A and hexobarbital did not effect O2 consumption rates in this 
study. Aroclor 1254 and phenobarbital not only induce cytochromes P450 in 
microsomes but also P450 reductase (P450 R) (Robertson et al., 1986, Nebert and 
Gonzales, 1987). P450 catalyzes univalent reduction of xenobiotic compounds thus 
creating a free radical which interacts with molecular O2  to produce C>2’~ via the redox 
cycle illustrated in Figure l . l  (Mason and Holtman. 1975a). The ability of inhibitors 
of P450 R such as CuS04 and PCMB to decrease O2 consumption rates to background 
levels coupled with the lack of effect of cytochrome P450 inhibitors strongly implicate 
P450 R as the major reducing catalyst in 4NQO-mediated O2  consumption. Addition 
of catalase after initiation of the reaction mixture with NAD(P)H caused O2  to be 
released back into the system. Inhibition of adventitious catalase by sodium azide 
allowed H2O2 accumulation in the reaction cell as evinced by the much larger release 
of O2  when a bolus of excess catalase was added a few minutes after initiation of the 
reaction in the presence of azide. Inhibition of O2 consumption by inhibiting P450 R, 
coupled with the observed back-release of O2 to the reaction cell by catalase addition 
are consistent with a redox cycle in which P450 R catalyzes formation of a free radical 
intermediate of 4NQO followed by subsequent reaction with 02- When the effects of 
P450 R on 4NQ0-mediated O2  consumption was compared with xanthine oxidase, 
another flavoenzyme that catalyzes univalent reduction of 4NQO, the results were 
qualitatively identical. DTD, a flavoenzyme that catalyzes divalent reduction of
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4NQO and therefore does not produce a free radical intermediate did not enhance O2 
consumption. Comparison of 4NQO with various structural analogues showed that 
the nitro substituent was necessary for O2 consumption and that the N—*0 moiety is 
important for maximal CK consumption. The size of the compound was not an 
important consideration in this comparison.
The observation that the amount of O2  consumed in the system was much 
greater than the concentration of 4NQO present establishes the redox cycling activity 
of the reaction. The presence of a DMFO-CV spin adduct as detected by ESR 
spectroscopy, which is abolished by addition of SOD, also confirmed the presence of 
0 2*'.
4NQO metabolism by induced rat liver microsomes is greatly affected by one- 
electron reduction leading to production of two highly toxic O2 radicals. In addition 
the production of a nitrogen centered radical may be inferred but has not been 
detected. The two-electron reduction product of 4NQO, 4NOQO, may be further 
metabolized to free radical products: it can be univalently reduced to a three-electron 
reduction product or oxidized to a one-electron-reduction product. Further 
characterization of the radical products generated from 4NQO metabolism would help 
to clarify its mechanism of mutagenicity.
It
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C hapter 4  Analysis of the Reduction o f 4NQO and Structurally Related 
Compounds by Electron Spin Resonance Spectroscopy
4.1 Introduction
4-nitroquinoline-yV-oxide (4NQO) is a benchmark mutagen used widely to 
induce mutations and tumors (Fronzaet al.. 1992, Epstein and St. Pierre. 1969, Booth. 
1990. Galiegue-Zouitina et al., 1989). How it exerts this mutagenicity is not clear 
since it can undergo both univalent and divalent reduction by various enzymes and 
low molecular weight compounds (Rickert, 1967, Rosenkranz et al.. 1982. Biaglow et 
al., 1976). During univalent reduction of many nitroaromatic compounds a nitro anion 
radical may be formed which can directly damage membranes, proteins, or DNA 
(Wardman et al., 1995). It can also enter a redox cycle with oxygen (O2) to produce 
superoxide anion radicals (C>2*~) while regenerating the parent compound. Divalent 
reduction can lead to two- and four-electron reduced metabolites each of which has 
been hypothesized to be the penultimate mutagenic reduction product of nitroaromatic 
compounds including 4NQO. McCoy et al., (1961a), however, noted that purified 4- 
hydroxylaminoquinoline-A/-oxide (4HAQO) did not induce as great a mutagenic 
response in the Ames assay as did 4NQO, a response which we also noted in the umu 
and Protox™ assays (chapter 2). They speculated that in vivo 4HAQO is esterified to 
the reducing enzyme and is made more mutagenic by this complex as it is altered to an 
active nitrenium or carbenium ion. Free hydroxylamino compounds may not be 
esterified and, therefore, are easily oxidizable producing a hydronitroxyl radical 
(Kalyanaraman et al., 1979). A role for this radical in the toxic sequelae of 4NQO 
action has not been elucidated.
When 4NQO is reduced by two-electrons 4-nitrosoquinoline- W-oxide 
(4NOQO) is formed. Nitroso compounds are also known to be potently reactive and 
carcinogenic and bind covalently to proteins and DNA (Miller and Miller, 1981).
86
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There is some speculation that 4NOQO is the penultimate mutagenic metabolite of 
4NQO rather than 4HAQO (Ishisawa and Endo, 1967). Although it is highly unstable 
in aqueous solutions, Abramovitch and Smith (1975) were able to produce 4NOQO by 
oxidizing 4HAQO with silver nitrate on celite in dichloromethane. 4NOQO was 
prepared by this method and maintained as a stable crystal until used.
Radical products of 4NQO reduction have been studied in a variety of ways 
including electron spin resonance (ESR) spectroscopy in organic solvents (Kataoka et 
al., 1966). To date no aqueous signal has been published due to the complex nature of 
the spectrum. This study was undertaken to determine if 4NQO does generate a nitro 
anion radical. In an effort to better analyze the 4NQO signal we studied 4NOQO, 
4HAQO, 1 -nitronaphthalene (INN), quinoline- W-oxide (QNO), and 4-nitropyridine- 
Af-oxide (4NPO) all of which are structurally similar to 4NQO. While signals 
produced from 4NQO were difficult to analyze, clear identical signals which we 
presently assign as hydronitroxyl radicals were obtained from 4NOQO and 4HAQO.
4.2 Materials and methods
4.2.1 Materials
Glucose oxidase type II from Aspergillus niger, superoxide dismutase (SOD), 
horseradish peroxidase, catalase, xanthine oxidase (XO), glucose, NAD PH, NADH, 
4NQO, 4NPO, INN, QNO, ascorbate, 5,5-dimethyl- 1-pyrroline-A-oxide (DMPO), 
potassium phosphate, cupric sulfate (Q 1SO4 ), p-chloromercuribenzoate (PCMB), 
glucose, glucose-6 -phosphate, glucose-6 -phosphate dehydrogenase, ascorbate, 
deuterium oxide (D2O), nitrobenzene, desfenioxamine mesylate (defenyl), Chelex- 
1 0 0  resin, sodium azide (NaN3 ), disodium carbonate (NaiGOs), celite and silver 
nitrate were obtained from Sigma, S t Louis MO. Dimethylsulfoxide (DMSO), ethyl 
ether and dichloromethane (DCM) were obtained from Mallencloodt Specialty 
Chemicals Co., Chesterfield, MO. 4HAQO was purchased from TCI America,
SL
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Portland Oregon. DMPO was solubilized in distilled water and filtered through 
activated carbon. It was then sealed with nitrogen and kept frozen at -80 C°. All 
microsomal and purified proteins not purchased were made in the laboratory (see 
chapter 3 methods).
4J2J2 Synthesis o f 4NOQO
4NOQO was synthesized according to the method of Abramavitch and Smith 
(1975). To a 220 ml volume of dichloromethane (DCM) 1.01 g of 4HAQO was added 
with stirring. Silver nitrate on celite (5.02 g; see below for method of preparation) was 
added to the suspension as an oxidizing agent. A teflon lined rubber cork was used to 
stopper the Erlenmyer flask. Needles were inserted to keep a layer of nitrogen gas in 
the flask and to allow for venting. The suspension was stirred at room temperature for 
1 hour during which time the color of the suspension changed from light green to dark 
green. After 1 hour the solution was filtered through unmodified celite. The filtrate 
was passed through magnesium sulfate to dry the solution. It was reduced to a volume 
of 15 ml using a rotovap evaporation system. The dark yellow/orange solution was 
taken to dryness under a gentle stream of nitrogen gas yielding an orange solid. The 
solid was reconstituted in 15 ml of fresh DCM and filtered through a small amount of 
unmodifed celite into 20 ml of ethyl ether. The filtrate was taken to dryness under 
nitrogen gas in a pre-weighed vial resulting in 0.1 lg  of an orange solid which was 
sealed under nitrogen and placed in a -20° C freezer. The structure of 4NOQO was 
confirmed by infrared spectroscopy, melting-point determination and *H-NMR 
(Appendix B).
4.23 Preparation of silver nitrate on celite
The silver nitrate on celite was prepared according to Fetizon and Golfier 
(1968). Silver nitrate (200 mmoles) was dissolved in 200 ml distilled water to which 
30 g of celite was added. The suspension was magnetically stirred to achieve
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homogeneity. A solution of Na^COs in distilled water was made by dissolving 105 
mmoles of Na2C0 3  in 300 ml distilled water. The Na2G0 3  solution was slowly added 
with stining to the beaker containing the silver nitrate and celite. A green/yellow 
precipitate formed immediately. After the final addition of Na^CCh the mixutre was 
stirred for 10 minutes. The precipitate was filtered and washed with distilled water. It 
was dried overnight in a 95° C oven after which it was kept in a dessicator until used.
42.4 ESR experiments (Varian E-109)
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Varian E-109 instrument The instrument was operated at 933 GHz, 20 mW 
microwave power, unless otherwise stated, and 100 kHz modulation frequency. Other 
instrumental conditions are given in the Figure legends. For anaerobic studies the 13 
ml incubations were bubbled with nitrogen gas for 5 minutes before initiating the 
reaction by the addition of 25 fil of the appropriate cofactor. The mixture was 
transferred to a nitrogen-flushed flat cell capped at both ends. Since nitro anion 
radicals are more stable at alkaline pH (Rao et al., 1967) a 100 mM potassium 
phosphate buffer, pH 9.6, was used in all anaerobic experiments. Final concentrations 
are listed in the Figure legends. For the aerobic experiments a 100 mM potassium 
phosphate buffer, pH 7.4, which had been passed over a Chelex-100 resin to remove 
trace metals, was used. Final concentrations for all chemicals and proteins are stated 
in the Figure legends.
4.23 ESR experiments (Broker300 series)
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Broker ESP 300 instrument fitted with a TM8490 cavity. The instrument was 
operated at 9.78 GHz, 10 mW microwave power unless otherwise stated and 100 kHz 
modulation frequency. Other instrumental conditions are given in the Figure legends. 
Experiments were conducted as described above for the Varian instrument.
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4.3 Results
ESR spectroscopy was used in this study to characterize the reductive 
chemistry of 4NQO. Additionally, two compounds which are reduction products of 
4NQO and three other similarly structured compounds (Fig. 1.7) were also analyzed 
under anaerobic conditions in aqueous and organic solvent solutions. Figure 4.1A is 
the spectrum obtained of 4NQO after NADPH-dependent reduction by purified P450 
reductase under anaerobic conditions. The spectrum is unresolved but bears a 
resemblance to the spectrum obtained for 4HAQO (Fig. 4.6). Figure 4. IB is the 
spectrum of 4NQO obtained in the presence of a high concentration of DMSO.
Glucose oxidase, which has recently been shown to reduce nitroaromatic compounds 
by one-electron, and glucose were added to this anaerobic system. The 27 line signal 
of Figure 4.1B has a clear pattern of 9 evenly spaced lines indicative of a nitrogen- 
nitrogen splitting. Additionally a 1:2:1 splitting pattern is also present indicating the 
presence of 2 protons of similar energy influencing the spectrum. Ab initio 
calculations (Frisch et al., 1993) show that upon one-electron reduction the nitre group 
of 4NQO essentially does not shift out of the plane of the ring. This indicates that the 
electron can be delocalized throughout the entire molecule and that both nitrogen 
centers and all of the protons will influence the spectrum. Due to this delocalization 
the hypothesized spectrum of 4NQO should have approximately 1600 lines with some 
overlap since all protons will affect the spectrum. Orbital density calculations predict 
that the electron population of the N -*0 moiety is greater than that of the nitro group 
which may indicate a larger hyperfine constant for the N -*0 nitrogen (Table 4.1). 
Additionally carbons 3 ,8  and 10 have larger populations then the other carbon 
positions implying that the hydrogens at these positions could have larger hyperfine 
splitting constants than the other protons. Addition of 2.0 mM ascorbate to 8 mM 
4NQO in DMSO produced only a weak ascorbyl radical signal indicating the
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Figure 4.1. ESR spectra of 4NQO in aqueous buffer or DMSO. A. Reaction mixture contained 8 mM 4NQO, 10 pg P450 
reductase, NADPH generating system, and 2.0 mM NADPH in a 100 mM potassium phosphate buffer pH 9.6. To remove 
trace oxygen 90 units glucose oxidase, 7 mM glucose, and 2500 units catalase were added to the system. The spectrum was 
collected on a Varian E l09 ESR. Instrument settings were center field 3345, sweep width 50 G, gain 6.3 x I0‘, modulation 
0.63 G, scan time 16 minutes, time constant 1 second, 9.33 GHz, and 20 mW power. B. Reaction mixture contained 8 mM 
4NQO in 100% DMSO, 90 units glucose oxidase, 2500 units catalase, and 7 mM glucose. Only 50 pi of buffer were added 
with the enzymes and glucose to a final volume of 1.5 ml. The spectra were collected on a Bruker 300 series ESR. 
Instruments settings were center field 3477.5, sweep width 50 G, gain I x 104, modulation 0,32 G, scan time 10.49 seconds, 
time constant 1.28 mseconds, scanned 6 times or about 1 minute, 9.79 GHz, 10 mW power.
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Table 4.1: Density of orbitals as indication of electron populations
4NPO 4NQO
atom position SB FCA SB FCA
2 -.029 0.0003 -0 .0 l7 0.0002
3 .135 -0.0616 0.178 - 0.0619
5 .135 -0.0016
6 -.029 0.0003
7 0.034 • 6.0664
8 0.064 •0 .0008
9 -0.007 -0 .6000
10 0.093 •o.oo7o
SB-spin densitjf of the carbon atoms indicated
FCA--Fermi Contact analysis-density of Jt orbital of hydrogens at indicated carbon atom
4NQO4NPO
v£>IO
9 3
production of an ESR silent product by reduction of 4NQO by ascorbate (data not 
shown).
Although 4HAQO has been theorized to be the penultimate mutagen of 4NQO 
reduction, the two-electron reduction product 4NOQO has also been implicated as 
such (Ishisawa and Endo, 1967). Using the method described by Abramavitch and 
Smith (1975), 4NOQO was prepared by oxidizing 4HAQO which was purchased pure 
from TCI America. IR spectroscopy was used to confirm the structure of the 
compound (Fig. 4.2) and found it to correspond to the IR structure published by 
Abramavitch and Smith. The sharp melting point of 121.5 ± 0.5 °C differed from the 
109 °C reported by Abramavitch and Smith, but the rapidity with which the 
compound sublimed indicated a relatively pure sample. Moreover, these authors did 
not report the range of their melting point analysis. A uv/vis spectrum of 4NOQO 
showed a large peak at 410 nm and another smaller peak at 352nm which is the peak 
position for 4HAQO as observed with a pure sample (Fig. 43). 4NQO gave a peak at 
366.
The ESR spectrum of 4NOQO in DMSO + 25 fil of H2 O is shown in Figure 
4.4A. This spectrum is identical to the one obtained from 4HAQO in DMSO (Fig.
4.6B). The appearance of this spectrum is interesting since there were no apparent 
reducing equivalents present in the system. Kano et al. (1967) have shown that 
4NOQO and 4HAQO form a redox couple in equilibrium with the hydronitroxyl 
radical. As shown in the uv/vis spectrum of Figure 4 3 , a small amount of 4HAQO is 
present in the 4NOQO preparation; thus, this redox couple could account for the 
spectrum in Figure 4.4A. Other pathways of hydronitroxyl radical production are also 
possible. Hyland et al. (1963) reported the production of O2** in alkaline DMSO with 
trace water. In the system used here, where DMSO was used as a solvent of 
nitroarenes, trace water could also have produced O2 * ', provided the environment was
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Figure 4.4. ESR spectra of 4NOQO under varying conditions. A. Reaction mixture contained 8 mM 4NOQO in 
100% DMSO with 25 p) H,0. Final volume was 1.5 ml. B. Reaction mixture contained 8 mM 4NOQO in 100% DMSO 
under nitrogen gas to which 25 pi of DjO was added. Final volume was 1.5 ml. C. Reaction mixture contained 8 mM 
4NOQO in 100% DMSO and 2.0 mM ascorbate added in 50 pi 100 mM potassium phosphate buffer pH 7.4 under 
nitrogen. Final volume was 1.5 ml. D. simulation of 4HAQO spectrum (A). Hyperfine coupling constants: (NHOH) 
6.05 line width 0.5, (N-O) 6.010, (H2) 2.4, (H3) 5.89, (H(NHOH)) 1.456, (H6,9) 1.48, (H7,8) 0.8. E. Simulation of 
4HAQO in DjO spectrum (B). Only one coupling constant changed (D(NDOH) 0.22, Instrument settings: center field 
3477.5, sweep width 50 G, gain as stated, modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, 
scanned 24 times or about 4 minutes, 9.79 GHz, 10 mW power.
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basic which is possible in the presence of nitroso compounds and hydroxylamines. In 
this case, 0 2*" serves as the reductant for 4NOQO thereby producing the hydronitroxyl 
radical (Eq. 4.1).
H+ + 4NOQO + 0 2‘- --------> 4N*"HOQO + O2 4.1
Visual observation of 4NOQO in water indicates that this compound decomposes to 
unknown products as evidenced by the rapid change in color from a deep golden 
yellow to dark brown when 4NOQO is placed in an aqueous environment. To 
determine a role for water in the production of the hydronitroxyl radical we took care 
to exclude water from our DMSO-solubilized 4NOQO sample by drying the glassware 
overnight in a 120°C vacuum oven. The sample was solubilized in dry DMSO, 
obtained from Sigma, in an argon filled glove box, and the solubilized sample was 
transferred to a dry argon filled flat cell and sealed. The signal in Figure 4_5A was 
obtained when we scanned the "dry" sample. This signal, which was stable over time, 
is consistent with the chemistry proposed by Kano et al. (1987). Upon addition of 25 
fil of water the signal was observed to grow by 30-50% (Fig. 4.5B) indicating 
involvement of water in the production of the hydronitroxyl radical.
Coupling constants for the signals in Figure 4.4 were calculated using an 
autocorrelation program followed by an ESR simulation program: (NHOH) 6.05,
(N-*0) 6.010, (H2) 2.4, (H3) 5.89, (H, NHOH) 1.456, (H6,9) 1.48, (H7,8) 0.800 with 
line width of 0.5G. Using these numbers to simulate a spectrum resulted in a 52 line 
signal that was identical to signals from 4NOQO (Fig. 4.4) and 4HAQO (Fig. 4.6B).
If the spectrum in Figure 4.4A is a hydronitroxyl radical product of 4NOQO reduction 
or 4HAQO oxidation (Kalyanaraman et al., 1979) then there is an exchangable proton 
on the compound. To ascertain the presence of an exchangable proton the same 
experimental conditions as used in Figure 4.4A were duplicated in Figure 4.4B, except 
D20  replaced H20 . The profound changes in the spectrum when D20  is added instead
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4.S: ESR spectra of 4NOQO in DMSO dry and after the addition of 
water. A. System contained 8 mM 4NOQO in anhydrous DMSO. B. Same 
sample as in A 10 minutes after the addition of 25pal of H20. Spectra were 
collected on a Bruker 300 series ESR. Instrument settings: center field 3477.5, 
sweep width 50 G, Gain 6.3 x 104, modulation 0.32 G, scan time 10.49 seconds, 
time constant 1.28 mseconds, scanned 24 times or about 4 minutes, 9.78 Ghz, 20 
mW power.
1
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of HiO (Fig. 4.4C) were the result of hydrogen replacement on the hydroxylamino 
group as shown by the changes in the hyperfine constant for that group: (D. NDOH) 
0.220. When ascorbate was added to DMSO-solubilized 4NOQO a stronger 
spectrum of the same species was obtained (Fig. 4.4E).
As stated above hydroxylamine compounds can oxidize to the three electron 
reduced hydronitroxyl radical. It has also been speculated that 4HAQO is further 
reduced with difficulty (Kawazoe, 1981). Therefore, it is likely that the radical 
obtained in Figure 4.6 is the product of oxidation rather than reduction. The spectrum 
of Figure 4.6A is of 4HAQO in an aqueous buffer system with horseradish peroxidase. 
Horseradish peroxidase uses hydrogen peroxide (H2O2 ) as an energy source, but the 
spectrum in 4.6A was obtained whether H2O2 was added or not indicating that this 
spectrum is probably produced through autooxidation of 4HAQO as well. As with 
4NQO the spectrum is unresolved but appears to correspond closely to the six groups 
present in the aqueous spectrum of 4NQO (Fig 4.1A.). The 52-line signal of Figure 
4.6B is of 4HAQO in a largely DMSO solvent where 50 fil of 100 mM potassium 
phosphate buffer pH 7.4 was added. As noted above this signal is identical to the 
signal of 4NOQO in DMSO.
To better resolve the structural components of 4NQO which influence the ESR 
spectrum, compounds structurally similar to 4NQO were also observed by ESR 
spectroscopy while undergoing one-electron reduction. The nitro anion radical signal 
generated when P450 reductase was incubated with NADPH and 4NPO in aqueous 
solution is shown in Figure 4.7A. The clear 59 line signal was simulated using 
(N-+0) 4.04, (H2,6) 1.15, (H3,5) 336, (NO2) 9.65, with a line width of 0.1 G as 
shown by Metosh-Dickey et al. (1997). These are similar to the constants found by 
Kawamura et al. (1973) in dioxane. The symmetry of the molecule and the lack of 
interference from the extra ring of 4NQO gives a clearly resolved, evenly distributed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
10 gauss
pS * T *4
Figure 4.6. ESR spectra of 4HAQO in aqueous buffer or DMSO 
under anaerobic conditions. Reaction mixture contained 2.0 mM 
4HAQO and 20 mg horseradish peroxidase (HRP) in 100 mM potassium 
phosphate buffer pH 7.4 with 20% DMSO. Spectra were collected on a 
Varian E l09 ESRl Instrument settings were center field 3345, sweep 
width 50 G, gain 6.3 x 10s, modulation 0.63 G, scan time 16 minutes, time 
constant 1 second, 9.33 GHz, and 20 mW power. B. Reaction mixture 
contained 8 mM 4HA.QO in 100% DMSO to which 50 nl of 100 mM 
potassium phosphate buffer was added. Spectra were collected on a 
Bruker 300 series ESR. Instrument settings were center field 3477.5, 
sweep width 50 G, gain 6.3 x 105, modulation 0.32 G, scan time 10.49 
seconds, time constant 1.28 mseconds, scanned 48 times or about 8 
minutes, 9.79 GHz, 10 mW power. C. Simulation of 4HAQO using 
hyperfine coupling constants: (NHOH) 6.05 line width 0.5, (N—O) 6.010, 
(H2) 2.4, (H3) 5.89, (H(NHOH)) 1.456, (H6,9) 1.48, (H7,8) 0.8.
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Figure 4.7. ESR spectra of 4NPO in aqueous buffer or DMSO under anaerobic conditions. A.
Reaction mixture contained 4 pM 4NPO, 2 mg P450 reductase, NADPH generating system, and 2.0 
mM NADPH in a 100 mM potassium phosphate buffer pH 9.6. The sample was scanned 24 times or 
about 4 minutes. B. Reaction mixture contained 8 mM 4NPO in 100% DMSO 90 units glucose 
oxidase, and 7 mM glucose. Only 50 pi of buffer were added with the enzymes and glucose to a final 
volume of 1.5 ml. Each sample was scanned 48 times or about 8 minutes. The spectra were collected 
on a Bruker 300 series ESR. Instrument settings were center field 3477.5, sweep width 50 G, gain 
6.3 x 10*, modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, 9.79 GHz, 10 
mW power.
o
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4NPO signal. There are only 4  hyperfine splitting constants as opposed to the 8 which 
4NQO has theoretically. Figure 4.7B is the spectrum of 4NPO generated in DMSO 
when incubated with glucose oxidase and glucose. INN and QNO were also analyzed 
for one-electron reduction products by ESR. While QNO did not give a signal under 
any conditions (data not shown), INN gave an unresolved signal in aqueous buffer in 
the presence of XO and NADH (Fig. 4.8A). Again the general features of the 
spectrum are similar to those observed from 4NQO and 4HAQO in an aqueous 
system, and this may indicate the presence of a poorly resolved hydronitroxyl radical.
No spectrum was obtained from INN in DMSO in the presence of glucose oxidase 
and glucose.
4.4 Discussion
4NQO greatly enhances O 2  consumption in the presence of ascorbate 
(Biaglow, 1961), microsomes, and purified enzymes (chapter 3). It is assumed that its 
potent mutagenicity results from two-electron reduction of 4NQO to the 
corresponding hydroxylamine, but there is evidence against this (McCoy et al., 1961a, 
Ishizawa and Endo, 1967). Its ability to enhance O2 consumption is believed to arise 
from one-electron reduction to a nitro anion radical which then enters a  redox cycle 
with O 2 and produces (V *  Kataoka et al. (1966) reported rather poorly resolved ESR 
spectra produced by irradiation of 4NQO in three organic solvents. Shown here is a 
better resolved signal in DMSO with a clear nitrogen-nitrogen splitting of 9 evenly 
spaced lines. Additionally, an apparent 1:2:1 splitting is observed indicating the 
presence of at least one pair of similar hydrogens. The structure of 4NQO is 
inconsistent with two identical or closely identical protons. Kataoka et al, (1966) 
proposed that protons 7 and 9 and protons 8 and 10 influence the radical signal as 
pairs of identical hydrogens. This could account for the 1:2:1 splitting that was 
observed in Figure 4. IB, albeit this is not supported by orbital density calculations
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Figure 4.8. ESR spectra of INN in aqueous buffer or DMSO under anaerobic conditions. A.
Reaction mixture contained 1.0 mM INN, 380 pg xanthine oxidase and 2.0 mM NADH in 100 
mM potassium phosphate buffer pH 9.6 with 40% DMSO. Modulation in A was 0.63 G. B. 
Reaction mixture contained 8 mM INN in 100% DMSO, 90 units glucose oxidase, and 7 mM 
glucose. Only SO pi of buffer were added with the enzymes and glucose to a final volume of I.S 
ml. The spectrum was collected on a Bruker 300 series GSR. Instrument settings were center field 
3477.5, sweep width 50 G, gain 6.3 x 10s, modulation 0.32 G, scan time 10.49 seconds, time 
constant 1.28 mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 mW power.
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which show each orbital density to be different. Calculation of 4NF0 orbital densities 
correlate well with calculated hyperfine splitting constants indicating a greater density 
or electron population around hydrogens 3 and 5 (Table 4.1). This indicates that the 
orbital densities calculated for 4NQ0 are accurate and that no protons of equal 
intensities are present It is recognized that in some, but not all, cases the charge 
density correlates with spin density. It is possible that spectrum B of Figure 4.1 
requires a greater sensitivity to resolve lines that theoretically should be visible.
The similarity of the signals obtained for4NQO and oxidized 4HAQO in 
aqueous solution suggest that this radical is significant in 4NQ0 mutagenicity. The 
signal obtained for 4HAQ0 in DMSO is better resolved but still resembles the signal 
in water for 4HAQO and 4NQO. Surprisingly, when the spectrum of 4NOQO was 
recorded in DMSO it was identical to that of oxidized 4HAQO (compare Fig. 4.4 and 
Fig. 4.6). The simulated spectrum obtained from the calculated hyperfine coupling 
constants was identical to both 4HAQO and 4NOQO indicating that these two spectra 
are the same. Substitution of D2O for H2O in the experiment containing 4N 0Q 0 in 
DMSO altered the signal profoundly (Fig. 4.4). Calculations of hyperfine coupling 
constants indicated changes only for the constant representing the hydroxylamine 
group hydrogen. This supports the assignment of the radical as a hydronitroxyl radical 
which can result from univalent reduction of the nitroso group or oxidation of the 
hydroxylamine (Fig. 1.6). The constants also support the suggestion of Kataoka et al.
(1966) that there are two sets of two hydrogens of similar if not identical energies 
influencing the signal. In the case of the hydronitroxyl radical these identical pairs of 
hydrogens may be due to near equal residence of the unpaired electron on the NHOH 
and N—*0 moieties as indicated by their nearly identical coupling constants. These 
conditions do not hold true for the nitro anion radical because the nitro group has a 
stronger affinity for the unpaired electron than does the hydroxylamino group.
j
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Speculation and some evidence appears to indicate that the unpaired electron resides 
more with the nitro group than with the N—*0 for the nitro anion radical. If the signal 
of Figures 4.4 and 4.6 are also the unresolved signal of the aqueous 4NQO spectrum 
then this radical may be an important intermediate in 4NQO reduction.
The signal in Figure 4.4A is intriguing because there were no apparent 
reducing equivalents present to reduce the nitroso compound further. One possible 
explanation is the existence of a reversible redox couple between 4NOQO and 
4HAQO with a radical intermediate (Kano et al., 1967) in which a steady state 
concentration of the radical is maintained. Additionally, the production of reducing 
equivalents in the form of 02*' from DMSO and water could result in formation of 
hydronitroxyl radicals by reduction of 4NOQO by 02*' (Eq. 4.1). The addition of 
water to a "dry,” sealed system increased the signal intensity of the background 
spectrum by 30-50% (Fig. 4.5). This suggests an additional pathway for production of 
hydronitroxyl radical.
Of the three other compounds tested only 4NF0 gave signals well enough 
resolved for analysis. The clarity of the 59 line signal in aqueous solution underscores 
the significant influence of the benzene moiety on the 4NQO signal. The ability of 
4NPO reduction to produce steady state concentrations of nitro anion radical may play 
a role in its lower mutagencity in that the ability of this radical to redox cycle in air 
may prevent its further reduction to more mutagenic products.
Radical stability will vary depending on the microenvironment in which nitro 
reduction occurs. Alkaline environments favor nitroanion radical stability while acidic 
environments favor stability of hydroxyamines and the hydronitroxyl radical. In 
addition, O2  tension also influences reduction of a nitro compound since O2  redox 
cycles with nitro anion radicals, thus preventing their further reduction to a more 
stable radical or nonradical intermediate. A role for hydronitroxyl radical in
I
i
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mutagenesis is indicated herein to be of possible great importance in the metabolism 
of nitro compounds.
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Chapter 5 Redaction o f nitroaromatic compounds by microsomal and 
parified enzyme systems: An ESR study
5.1 Introduction
During univalent reduction of many nitroaromatic compounds a nitro anion 
radical may be formed which can act to directly damage membranes, proteins, or DNA 
(Wardman et al.. 1995). Additionally nitro anion radicals can enter a redox cycle with 
molecular oxygen (O2) producing superoxide anion radicals (0 2 *') while regenerating 
the parent compound (Biaglow, 1981). Reduction of xenobiotics is often 
accompanied by high levels of O2 consumption. The resulting reactive oxygen species 
(ROS) from these interactions may play a significant role in carcinogenesis. Nitro 
radicals also interact with cellular antioxidant compounds potentially depleting 
cellular defenses which may exacerbate their damaging effects (Kehrer, 1993).
Divalent reduction can lead to four-electron reduced hydroxylamines which act 
directly by covalently binding to DNA rather than generating oxidizing agents. They 
are widely believed to be the penultimate mutagenic reduction product of 
nitroaromatic compounds (Rickert, 1987. Tada, 1981), but there is evidence to suggest 
that they are less mutagenic than their parent compounds (McCoy et al., 1981a). 
Additionally these compounds can be oxidized to a three-electron reduced metabolite 
which is a free radical (Kalyanaraman et al., 1979).
In this study electron spin resonance (ESR) spectroscopy was used to ascertain 
the ability of various microsomal and purified enzyme samples to reduce nitroaromatic 
compounds. Liver microsomes from both induced and noninduced rats were 
compared in anaerobic experiments under varying conditions of pH, cofactor, 
inhibitors, and substrates. Often the reducing enzyme is a flavoprotein, e.g. P450 
reductase (P450 R), therefore several purified flavoproteins were compared for their
107
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ability to reduce nitroaromadcs. Since O 2  centered radicals may play a role in the 
carcinogenicity of nitro aromatic compounds experiments were also completed in air 
in the presence of the spin trap, DMPO.
5.2 Materials and methods
5.2.1 Materials
NADPH, NADH, nitrobenzene (NB), 53-dimethyl-1 -pyrroline-N-oxide 
(DMPO), Chelex-100 resin, 4-nitropyridine- A/-oxide (4NPO), desferrioxamine 
mesylate (deferryl), sodium azide (NaN3 ), p-chloromercuribenzoate (PCMB), glucose 
oxidase, and xanthine oxidase (XO) were purchased from Sigma Chemical Co., St. 
Louis, Missouri. Glucose, potassium phosphate, cupric sulfate (CuSCU), were 
purchased from Fisher Scientific, Pittsburgh, Pennsylvania. DMSO was purchased 
from Mallenckrodt Specialty Chemicals Co., Chesterfield, MO.
5 .23 Preparation o f enzyme samples
Those protein samples from livers of induced and uninduced rats, as well as 
purified P450 reductase and DT-diaphorase were prepared in the laboratory as 
described in chapter 3.
5 .23 Electron Spin Resonance spectroscopy
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Bruker ESP 300 instrument fitted with a TM8490 cavity. The instrument was 
operated at 9.78 GHz, 10 mW microwave power unless otherwise stated and 100 kHz 
modulation frequency. Other instrumental conditions are given in the Figure legends. 
For anaerobic samples the 13 ml incubations were bubbled with nitrogen gas for 5 
minutes before being initiated by the addition of 25 fil of appropriate cofactor and 
transferred to a nitrogen filled flat cell capped at both ends. Since nitro anion radicals 
are more stable at alkaline pH (Rao et al., 1987) a 100 mM potassium phosphate 
buffer, pH 9.6, was used in all anaerobic experiments. Final concentrations are listed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in the Figure legends. For the aerobic experiments a 100 mM potassium phosphate 
buffer, pH 7.4, which had been passed over a Chelex-100 resin to remove trace metals, 
was used. Final concentrations for all chemicals and proteins are stated in the Figure 
legends.
S3  Remits
Exposure to xenobiotics in the environment can induce various enzymes in the 
body resulting in a stimulation in metabolism of xenobiotics. Figure 5.1 shows 
responses of liver microsomes from Aroclor-1254-induced and uninduced rats used to 
metabolize 4NFO. Both induced and uninduced microsomal proteins produced the 59 
line signal characteristic of the 4NFO nitro anion radical. Microsomes from Aroclor- 
induced rats yielded a stronger signal with NADPH as cofactor. P450 R, a 
microsomal enzyme, transfers one-electron with a strong preference for NADPH. 
Aroclor-1254 is an inducer of P450 R, which might explain the stronger signal 
obtained with Aroclor-induced as compared to uninduced microsomes. Strong radical 
signals were also produced when NADH was used as a cofactor indicating the 
presence of another one-electron-transferring enzyme in microsomes. The ability of 
induced and uninduced rat liver microsomal preparations to catalyze reduction of NB, 
which has a lower redox potential than 4NFO (Appendix A) and thus, is more difficult 
to reduce, was studied (Fig. 5.2). Aroclor 1254-induced microsomes gave a 
significantly stronger signal under conditions of equal protein in the presence of 
NADPH than did control microsomes. This is consistent with induction of a one- 
electron transferring enzyme. Additionally, when NADH was substituted for NADPH 
only the Aroclor-induced microsomes yielded a signal indicating induction of an 
NADH-dependent one-electron transferring enzyme.
The effect of flavoprotein inhibitors was studied to determine if a role for these 
enzymes exists in the production of the radical signal from the interaction between
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Figure S.l. ESR spectra of 4NPO in the presence of Aroclor 1254-induced and 
uninduced rat liver microsomes under anaerobic conditions. Reaction mixture contained 
4 mM 4NPO, 1,0 mg microsomes, and 2.0 mM NADH or NADPH as indicated in 100 mM 
potassium phosphate buffer pH 9.6. Spectra were collected on a Bruker 300 series ESR, 
Instrument settings were center field 3477.5, sweep width 50 G, gain 6.3 x 101, modulation 
0,32 G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 48 times or about 8 
minutes, 9.79 GHz, 10 mW power.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
aroclor
chow
NADPH NADH
I 1
10 gauss
Figure S.2. ESR spectra of NB in the presence of Aroclor 1254-induced and uninduced rat 
liver microsomes under anaerobic conditions. Reaction mixture contained 10 ml NB, 1.0 mg 
microsomes, and 2.0 mM NADH or NADPH as indicated in 100 mM potassium phosphate 
buffer pH 9.6. Spectra were collected on a Bruker 300 series ESR, Instrument settings were 
center field 3477.5, sweep width 50 G, gain 6.3 x 101, modulation 0.63 G, scan time 10.49 
seconds, time constant 1.28 mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 mW 
power.
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microsomes and 4NP0. The addition of 100 pM CuSO^ or PCMB completely 
suppressed the signal produced by rat liver microsomal reduction of 4NPO in the 
presence of NADPH (Fig. 53). The loss of signal due to the inhibitors when NADH 
was used as cofactor implies the involvement of other one-electron transferring 
flavoenzymes. Carbon monoxide (CO), a classical inhibitor of cytochromes P450, did 
not inhibit 4NPO anion radical production by rat liver microsomes.
Flavoproteins as a group can transfer one- or two-electrons to reduce a variety 
of compounds. In Figure 5.4 four flavoproteins are compared. P450 R and xanthine 
oxidase (XO) catalyze one-electron reduction and in their presence 4NPO was reduced 
to the nitro anion radical. DT diaphorase (DTD) reduces nitro compounds by two- 
electrons producing ESR-silent metabolites. Therefore the lack of signal in the 
presence of DTD and 4NPO was expected. Glucose oxidase, a fungal enzyme used 
frequently to remove O2  from reaction systems, also reduced 4NPO to a free radical 
product.
An organism may be exposed to various xenobiotics in the environment, which 
can cause induction in the level of certain enzymes. A greater enhancement of O2 
consumption was observed when microsomes from induced as opposed to uninduced 
rats catalyzed nitroarene reduction (chapter 3). Using ESR we detected Or~ when 
4NPO was incubated with either Aroclor-induced or uninduced rat liver microsomes 
in the presence of the spin trap, DMPO thus confirming the production of this potent 
radical and the presence of a redox cycle (Fig. 53).
Since flavine-containing enzymes are responsible for many one-electron 
reduction events, it would be expected that purified enzymes like P450 R or XO will 
catalyze formation of O r ' in the presence of 4NQO and 4NPO. Both enzymes 
enhanced O2*' production in the presence of both of these nitroarenes. (Fig. 5.6). The 
two-electron transferring enzyme DTD, however, did not catalyze O r ' production in
si
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Figure 5.3. Effect of inhibitors on reduction of 4NPO by aroclor microsomes. Reaction 
mixture contained 4 mM 4NPO, 1.0 mg microsomes, and 2.0 mM NADH or NADPH as 
indicated in 100 mM potassium phosphate buffer pH 9.6. Final concentrations of inhibitors as 
indicated. CO was bubbled into the reaction mixture for 1 minute after nitrogen gas was used 
to purge the system of oxygen. Spectra were collected on a Bruker 300 series ESR. 
Instrument settings were center field 3477.5, sweep width 50 G, gain 6.3 x 10s, modulation 
0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 48 times or about 8
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xanthine oxidase
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I---------------- 1
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Figure 5.4. Comparison of four flavoproteins on reduction of 4NPO. All
reaction mixtures contained 4 mM 4NPO in 100 mM potassium phosphate 
buffer pH 9.6. Enzyme concentrations were: 2.0 pg P450 reductase with 2.0 
mM NADPH scanned 24 times or about 4 minutes, 190 pg xanthine oxidase 
with 2.0 mM NADH scanned 24 times, 20 pg DT diaphorase with 2.0 mM 
NADPH scanned 48 times or about 8 minutes, 90 units (700 pg) glucose oxidase 
with 7 mM glucose scanned 48 times. Spectra were collected on a Bruker 300 
series ESR. Instrument settings were center field 3477.5, sweep width 50 G, 
gain 6.3 x 10s, modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 
mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 mW power.
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Figure 5.5. DMPO-superoxide adduct detected in the presence of 4NPO 
and rat liver microsomes. A. Reaction mixture contained 0.1 mM 4NPO. 
0.1 mg aroclor 1254 induced rat liver microsomes, 50 mM DMPO, 0.1 mM 
deferryl, 1 mM sodium azide, and 2.0 mM NADPH. B. Same as A except 
uninduced rat liver microsomes were substituted for aroclor induced 
microsomes. C. Same as B but without sodium azide. D. Spectrum 
obtained when one of the following was omitted: DMPO, 4NPO,
microsomes, NADPH. Also this is the spectrum obtained if 90 units of SOD 
added to B. Spectra were collected on a Bruker 300 series ESR. Instrument 
settings were center field 3477.5, sweep width 100 G, gain 6.3 x 10*, 
modulation 0.63 G, scan time 10.49 seconds, time constant 1.28 mseconds, 
scanned 12 times or about 2 minutes, 9.79 GHz, 10 mW power.
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SOD Figure 5.6. DMPO-superoxide adduct detected in the presence of 4NQO or 4NPO and purified 
flavoproteins. Reaction mixture contained I mM 4NQO or 4NPO, 50 mM DMPO, 0.1 mM deferryl, 1.0 mM 
sodium azide, and 2.0 mM NADPH or NADH, Enzyme concentrations were: 2.0 pg P450 reductase (600 
units) with 2.0 mM NADPH, 600 units DT diaphorase with 2.0 mM NADPH, 380 pg xanthine oxidase for no 
substrate and 4NQO, 190 mg xanthine oxidase for 4NPO system both with NADH. 500 units SOD added as 
indicated. Spectra were collected on a varian E l09 ESR. Instrument settings were center field 3345, sweep 
width 100 G, gain 6.3 x 10s, modulation 0.63 G, scan time 2 minutes, time constant 0.128 second, 9.33 GHz, 
and 20 mW power. 116
the presence of either compound. Only 2 fig  of P450 R was required to produce a 
signal as strong as that produced by 380 fig  of XO. The stronger 02*~ signal obtained 
from 4NPO as compared to 4NQO is consistent with the higher rates of O2 
consumption by 4NPO as compared to the same concentration of 4NQO. Glucose 
oxidase interactions with nitroaromatic compounds are further discussed in chapter 7.
5.4 Discussion
Survival competition between plants and animals represents a profound 
example of mutual evolutionary pressure. Plants protected themselves from the 
predation of insects and animals by producing toxic, mutagenic and carcinogenic 
compounds called phytoalexins. Animals in their turn evolved a complex system of 
detoxification enzymes which protects them from the effect of phytoalexins produced 
by plants (Rosenkranz and Klopman, 1990, Nebert and Gonzales, 1987). These 
detoxification enzymes can also cause some neutral compounds to become activated 
to mutagenic and carcinogenic metabolites. Exposure to xenobiotics is known to 
induce and suppress various enzymes (Okey, 1990). Many investigators studying 
cytochromes P450 use inducers to enrich the specific content of certain P450 isoforms 
in microsomes. Some of these inducers also enhance nitroreductases and as shown 
herein, enhancement of single-election reduction can occur. The enzymes which are 
characterized as nitro reductases are often flavoproteins such as P450 R and DTD.
The use of P450 reductase inhibitors in our study confirmed its presence in induced rat 
liver microsomes, and the use of purified flavoproteins confirmed their interactions 
with nitro compounds. Purified P450 R and XO as well as glucose oxidase, a fungal 
enzyme, all produce 4NPO nitro anion radical while DTD a known two-electron 
transferring enzyme did not Induction of these enzymes can enhance or suppress the 
mutagenicity of compounds although is appears that enhancement of one-electron 
transferring enzymes may detoxify rather than activate a compound (chapter 2). In
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
118
addition one-electron reduction of nitro compounds is thought to enhance O2 
consumption by way of nitro anion radical participation in a redox cycle with O2 .
This produces O2*' and hydrogen peroxide (H2O2 ) both of which are extreme ROS 
(Davies, 1995). Rat liver microsomes are shown to easily enhance O2  consumption 
(chapter 3) and produce C>2*~ as visualized by spin-trapping. O f the purified enzymes 
tested P450 R and XO produced a 02*' signal while DTD, as would be expected of a 
two-electron transferring enzyme, did not.
A competition may exist between those enzymes which reduce nitro 
compounds by one- or two-electrons, and induction of one or the other may upset a 
critical balance leading to increased or decreased mutagenicity. We must continue to 
characterize the metabolism of these compounds in terms of interaction within an 
organism to better utilize their beneficial qualitites while minimizinge there dangerous 
ones.
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C hapter 6  Reduction and Free Radical Products from Nitroarenes by
Cytosolic Fractions o f Standard, Nitroreductase-Deficient, and 
-Enriched Bacterial Strains from the umu Gene Induction Assay.
6.1 Introduction
Nitroarenes are ubiquitous contaminants in the environment (McCartney et al., 
1966, Tokiwa et al., 1967). As such, they frequently react with low molecular weight 
(LMW) compounds and enzymes within organisms which, through reductive 
metabolism, can activate them to more carcinogenic and mutagenic endpoints. The 
research focus on nitroarene reduction by LMW compounds (e.g., ascorbate) and 
enzymes has been on compound structure, size, as well as number and position of 
substituents (Fu, 1990, Iwata et al., 1992, Rosenkranz and Mermelstein, 1983,196S, 
Mersch-Sunderman et al., 1994). The redox potential of a compound is a measure of 
how easily the compound will accept electrons (the lower the potential the better the 
acceptor) and is used along with other physical chemical parameters to predict the 
mutagenic potential of a compound (Biaglow et al. 1978, Eddy et al., 1986, Jung et al., 
1991). The importance of enzymatic reduction of nitro compounds led to the 
development of nitroreductase-deficient strains in bacterial mutagenicity assays which 
allow for more detailed understanding of the role these enzymes play in the mutagenic 
activation of various compounds. Controversy remains over which enzymes are 
actually responsible for nitroarene reduction in vivo (Rosenkranz et al., 1962).
The nitro reductase-deficient strain widely used in the the Ames assay, 
TA98NR, was isolated for nitrofuran resistance and is not mutable by niridazole, 
nitronaphthalenes and nitroflourenes (McCoy et al., 1961b). They are however, 
responsive to some nitropyrenes suggesting that the enzyme lacking or deficient from
119
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the system is not an obligatory requirement for activation to their penultimate 
mutagenic metabolites (Rosenkranz et al.. 1980).
Hajos and Winston ( 1991b) studied the interaction of NAD(P)H-quinone 
oxidoreductase (DT diaphorase, DTD) with 1.6- , 1.8-. and 13-DNP in TA98. a 
normal reductase proficient strain and TA96NR, a nitroreductase-deficient strain of 
the Ames assay. TA98NR is believed to be deficient in a one-electron-transferring 
nitroreductase (Rosenkranz and Mermelstein. 1963). DTD, which transfers two- 
electrons, (Prochaska andTalalay, 1986) could contribute to the creation of 
hydroxylamine metabolites of nitroaromatic compounds. Hydroxylamines are 
believed to be the penultimate mutagenic endpoints of nitroarene metabolism 
(Biaglow et al.. 1977, Kato et al., 1970, Tada, 1981, Rosenkranz and Mermelstein.
1983). Based upon electrochemical reduction measurements made on DNP. the 13- 
DNP isomer was purported to be a preferential one-electron acceptor, while 1.6- and 
1.8-DNP are preferred two-electron acceptors (Howard et al.. 1987. and Klopman et 
al., 1984). Indeed. 13-DNP mutagenicity in TA98NR is suppressed as compared to 
the normal nitro reductase proficient strain, TA98. The mutagenicity of each of the 
three DNP isomers was markedly increased when DTD was added exogenously to 
incubations containing TA98 (Hajos and Winston, 1991b). When these authors 
incubated 13-DNP, the putative preferred one-electron accepting isomer, in the 
presence of TA98NR and DTD the mutagenicity of 13-DNP was as potent as that 
observed in TA98. The possibility of spurious one-electron reduction by DTD cannot 
be rigorously excluded, however, electron spin resonance (ESR) spectroscopy (chapter 
5, Fig. 5) indicates that if one electron reduction by DTD occurs, it is at an extremely 
low level. Additionally, the data of Hajos and Winston ( 1991b) suggest that TA98NR 
may be deficient in a two-electron-transferring nitro reductase.
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We have employed another bacterial assay, the umu -mutagenicity test (umu 
gene induction assay), in our studies of nitroaromatic reduction. This assay, created 
by Dr. Oda (Osaka, Japan), uses Salmonella strains developed by Dr. Ames and 
modified by Dr. Oda by the insertion of a plasmid (pSK1002) carrying a umuC'-lacZ' 
fused gene. The production of a chimeric protein is controlled by the umu regulatory 
region which is part of the SOS response (Oda et al., 1985). The umu assay also uses 
strains deficient and enriched for the "classical" nitroreductase (Oda et al., 1992). The 
deficient strain is based on TA1535NR while the enriched strain has a second plasmid 
in addition to pSK1002 containing a copy of a nitroreductase gene from TA1538. The 
mutagenicity of many nitroaromatic compounds is substantially reduced in the 
deficient strain as compared to the standard strain; nitroarene mutagenicity in the 
enriched strain is often greater than in the standard strain.
To study the enzymatic properties of the standard, nitroreductase-deficient and 
-enriched strains cytosolic fractions were prepared from overnight cultures and tested 
for their ability to promote oxygen (O2) consumption and free radical production by 
representative nitroarenes; the former was measured by O2 polarography and the latter 
by ESR spectroscopy. The results from these experiments were compared with the 
responses to several nitroaromatic compounds in the umu assay by the three 
aforementioned strains in an effort to clarify the nature of nitroreductase deficiency in 
relation to mutagenicity.
6.2 Materials and methods
6.2.1 Materials
Superoxide dismutase (SOD), NADPH, NADH, 1,4-naphthoquinone (1,4NQ), 
nitrobenzene (NB), 5,5-dimethyl-l-pyrroline-A-oxide (DMPO), Chelex-100 resin, 
ampicillin, chloramphenicol, o-nitrophenyl B-D-galactopyranoside (o-NPG), 4- 
nitropyridine- W-oxi de (4NPO), desferrioxamine mesylate (deferryl), p-
|
si
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methylsuifonylfluoride (PMSF), sodium azide (NaN3 ), p-chloromercuribenzoate 
(PCMB). were purchased from Sigma Chemical Co., St. Louis, MO. Sodium 
chloride, glucose, magnesium chloride, sodium phosphate monobasic, sodium 
phosphate dibasic, potassium chloride, potassium phosphate, magnesium sulfate, 
cupric sulfate (G 1SO4 ), and disodium carbonate were purchased from Fisher 
Scientific, Pittsburgh, PA. B-mercaptoethanol was purchased from Aldrich, 
Milwaukee, WI. Bactotryptone and yeast extract were purchased from DIFCO 
Laboratories, Detroit, MI. DMSO was purchased from Mallenckrodt Specialty 
Chemicals Co., Chesterfield, MO. 4HAQO was purchased from TCI America, 
Portland, OR. 4NOQO was prepared in our laboratory by the method of Abramavitch 
and Smith (1975) as described in chapter 4.
6.2.2 umu gene induction assay
A microtiter plate method for the umu assay adapted from Reifferscheid et al., 
(1991) was used. All spectrophotometric measurements were made on a microtiter 
plate reader. A small amount of frozen bacteria taken with a sterile toothpick was 
placed in LB broth containing ampicillin (12.5 pg/ml) (Oda et al., 1985) and/or 
chloramphenicol, (10 pg/ml) (Oda et al., 1992) if required, and grown overnight with 
vigorous shaking at 37°C. To obtain a log phase culture the overnight culture was 
diluted in a 96 well microtiter plate. LB broth was added to all wells, and the 
overnight culture was diluted so that an optical density of between 0.05 and 0.2 at 
600nm was achieved. The culture was incubated for 1.5 hours with vigorous shaking 
at 37°C. After incubation an optical density of 0.2 at 600nm or greater was used to 
confirm a viable culture. To each appropriate well 25 pi of water, DMSO, or test 
chemical was added. The optical density at 600 nm was measured again, and the 
culture was incubated for 13 hours with vigorous shaking at 37°C. After incubation 
the optical density at 600 nm was measured and 2 0 0  pi of the culture was transferred
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to another microtiter plate containing 40 fi\ of chloroform. Each well was mixed 
thoroughly to lyse the cells. After cell lysis 40 fil of the aqueous layer was transferred 
to a microtiter plate containing o-NPG at 4 mg/ml in Miller's Z-buffer. The wells 
were mixed and a reading of the optical density at 420 nm was taken. The plate was 
incubated on the benchtop for 30 minutes and a second reading at 420 nm was made. 
Units of B-galactosidase activity were calculated according to Miller (1972) adapted 
for a microtiter plate.
6.13  Preparation of bacterial cytosolic fractions
Cytosols were prepared by incubating five flasks containing 200 ml of LB 
broth with 12-5 fig/ml ampicillin and 10 fig/ml chloramphenicol as necessary 
inoculated with 1 0 0  fd of thawed bacterial stock of each appropriate strain ( 1 0 0 2  
standard, 1 0 1 1  nitroreductase-enriched, 1 0 0 0  nitroreductase-deficient) with vigorous 
shaking for 12 hours at 37°C. Cultures were centrifuged for 20 minutes at 5000 rpm. 
Liquid was decanted and discarded. Bacterial pellets were resuspended in sonication 
buffer (10 mM phosphate buffered saline 0.125 M pH 7.4 containing 0 .1  mM PMSF)
2.5 ml/g cells. The pooled resuspended cells were sonicated with a Heat Systems - 
ultrasonic Inc. w-380 sonicator at 50% power, 1 second cycle, 4.5 output control, for 6  
rounds of 30 seconds on 30 seconds off. Sonicated cells were centrifuged for 20 
minutes at 15,000 rpm. The supernatant was removed and frozen at -80°C. Protein 
concentration as measured by the fluorescamine protein determination assay 
(Lorenzen and Kennedy, 1993) was determined to be 7.48 mg/ml for cytosol of the 
standard strain, 8.56 mg/ml for cytosol of the deficient strain, and 8.62 mg/ml for 
cytosol from the enriched strain.
6.2.4 Oxygen consumption
Oxygen consumption rates were determined with a YSI Clark-type 
polarographic electrode, electronic unit and standard bath assembly. Calibration and
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membrane stability were determined by measuring O2 consumption over a 15 minute 
interval in an air saturated 50-100 mM potassium phosphate buffer solution. The final 
reaction mixture is stated in the appropriate Figure legends.
6.2^ Electron Spin Resonance spectroscopy
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Broker ESP 300 instrument fitted with a TM8490 cavity. The instrument was 
operated at 9.78 GHz, 10 mW microwave power unless otherwise stated and 100 kHz 
modulation frequency. Other instrumental conditions are given in the Figure legends. 
For anaerobic samples the 1.5 ml incubations were bubbled with nitrogen gas for 5 
minutes before being initiated by the addition of 25 f*l of appropriate cofactor and 
transferred to a nitrogen filled flat cell capped at both ends. Since nitro anion radicals 
are more stable at alkaline pH (Rao et al., 1987) a 100 mM potassium phosphate 
buffer, pH 9.6, was used in all anaerobic experiments. Final concentrations are listed 
in the Figure legends. For the aerobic experiments a 100 mM potassium phosphate 
buffer. pH 7.4, which had been passed over a Chelex-100 resin to remove trace metals, 
was used. Final concentrations for all chemicals and proteins are stated in the Figure 
legends.
6.3 Results
The mutagenicity of 4NQO, 4NPO, 4HAQO, and 4NOQO were compared in 
the three umu strains (Fig. 6.1). The mutagenicity of 4NPO did not differ 
significantly among the three strains; (l-galactosidase activities were between 1- and 
5-fold above background rates in all three strains. The mutagenicity of 4HAQO,
4NOQO and 4NQO were substantially lower in the nitroreductase-deficient strain.
The deficient enzyme appears to have a significant role in activating all three 
compounds to more mutagenic endpoints. While this is understandable in the case of 
4NQO and 4NOQO it is curious in the case of 4HAQO for which there is evidence
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suggesting that further reduction is limited (Kawazoe. 1981). Consistent with the 
findings of Oda et ai. (1992) none of the compounds tested here for mutagenicity in 
the enriched strain were enhanced over the normal strain. In Figure 6.2 bacterial 
growth rates, an indicator of cytotoxicity, are compared. The concentration of various 
nitroarenes that caused cytotoxicity was essentially the same in each of the strains. In 
the nitroreductase-deficient strain cytotoxicity at the higher concentrations was less 
profound.
The enriched strain has three times the nitroreductase activity of the normal 
strain, while the deficient strain had no activity by comparison (Oda et al., 1992). To 
better characterize nitroreductases from each strain cytosolic fractions were prepared 
from overnight cultures. Enhancement of O2 consumption by 4NQO in the presence 
of equal amounts of bacterial cytosolic protein was compared for each strain in Figure 
63 . In the presence of NADH, 4NQO and protein, cytosolic fractions from the 
enriched strain promoted O2 consumption to the greatest extent followed in order by 
the deficient and normal strains. The increase in cytosolic NADH-dependent O? 
consumption by 4NQO is believed to arise from a redox cycle established between the 
product of the one-electron reduction of the nitro compound (nitroanion radical) and 
molecular oxygen (Biaglow et al., 1977). The data in Figure 63  indicate a greater 
abundance of one-electron reducing activity in the deficient and enriched strains.
When Oda et al. (1992) measured nitroreductase activity they used an NADPH- 
generating system and did not report values for NADH-dependent activity. In our 
studies of O2 consumption when NADPH was substituted for NADH, O2  consumption 
rates were not enhanced above background levels. Oxygen consumption rates were 
dependent on the cytosolic protein concentration for all strains (data not shown).
When the protein concentration was held constant at 250 pg/ml O2  consumption was 
not significantly dependent on 4NQO concentration (Fig. 6.4).
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Figure 6.3. Enhancement of oxygen consumption by cytosols from 
standard, nitroreductase deficient and nitroreductase enriched strains
of the um u  assay. Concentration of 4NQO was 0.1 mM throughout the 
experiment. Protein concentration was 1.0 mg/3 ml final volume. The reaction 
was initiated by addition of 2.0 mM NADH or NADPH. Background rates for 
protein of each cytosol in the presence of cofactor without 4NQ0 was the same as 
the rate recorded for protein 4NQO and NADPH. Reaction mixture also contained 
0.1 mM deferryl and 1.0 mM NaN3 and temperature was maintained at37°C.
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Figure 6.4. Effect of 4NQO concentration on enhancement o f oxygen 
consumption by bacterial cytosols from 3 strains of the umu assay.
Protein concentration was maintained at 0.25 mg/3 ml throughout the experiment. 
The reaction was initiated by addition of 2.0 mM NADH. Reaction mixture also 
contained 0.1 mM deferryl and 1.0 mM NaN3 and temperature was maintained at 
37°C.
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ESR is used to detect one-electron reduced metabolites (free radicals) of a 
number of compounds including nitroaromatics. We used ESR to determine the 
ability of each bacterial cytosolic fraction to catalyze nitroanion radical formation 
from 4NPO. 4NPO was selected because it gives a well defined characteristic signal 
which can be confirmed by computer simulation from its hyperfine splitting constants. 
Figure 6.5 shows the ESR signals obtained when 4NPO was reduced by cytosolic 
fractions of the three Salmonella strains. The free radical signal generated with 
cytosol from the deficient strain was most intense in the presence of NADH. When 
NADPH was substituted only cytosol from the deficient strain produced radicals from 
4NPO. This indicates that the reducing enzyme(s) can utilize NADH or NADPH or 
that two or more different one-electron transferring enzymes are present Nitro 
radicals are more stable under conditions of alkaline pH (Rao et al., 1987). We 
lowered the pH of the reaction system from 9.6 to 7.4 to see if the lower pH would 
affect the intensity of the radical signal. At pH 7.4 (less than optimal for radical 
stabilization) the deficient strain still produced more intense signals than the other two 
strains, but these signals were not as intense as those observed at pH 9.6. These data 
strongly suggest that the deficient strain was not lacking in its ability to catalyze one- 
electron-transfer to 4NPO. The intensity of the signal produced was dependent on the 
concentration of cytosol in the reaction regardless of the strain from which the cytosol 
was prepared (Fig. 6.6).
The nitroanion radical signal of nitrobenzene (NB) has been well characterized 
by ESR (Mason and Holtzman, 1975a). We also used NB to compare the ability of 
the three bacterial cytosols to reduce nitro compounds (Fig. 6.7). NB has a higher 
redox potential than 4NPO (Biaglow, 1961; Appendix A) which makes it more 
difficult to reduce. Only cytosol from the deficient strain was capable of producing 
the classic 36
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Figure 6.5. ESR spectra obtained from one electron reduction of 4NPO by cytosolic fractions of 
three bacterial strains from the umu gene induction assay under anaerobic conditions. Reaction 
mixtures contained 1.0 mg protein from cytosols as indicated, 4 mM 4NPO, and 2.0 mM NADH or 
NADPH in 100 mM potassium phosphate buffer pH as indicated. Spectra collected on a Bruker 300 
series ESR. Instrument settings were center field 3477.5, sweep width 50 G, gain 6,3 x !0J, 
modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 48 times or about 
8 minutes, 9.79 GHz, 10 mW power.
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Figure 6.6. ESR spectra obtained from the one-electron reduction of 4NPO by varying 
concentrations of bacterial cytosolic protein under anaerobic conditions. Reaction mixture 
contained varying concentrations of cytosolic protein taken from three strains of the umu assay as 
indicated, 4 mM 4NPO, and 2.0 mM NADH in 100 mM potassium phosphate buffer pH 9.6. 
Spectra collected on a Bruker 300 series ESR. instrument settings were center field 3477.5, 
sweep width 50 G, gain 6.3 x 105, modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 
mseconds, scanned 48 times or about 8 minutes, 9,79 GHz, 10 mW power.
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Figure 6.7. ESR spectra obtained from one electron reduction of NB by cytosolic 
fractions of three strains of bacteria from the umu gene induction assay under 
anaerobic conditions. Reaction mixtures contained 1.0 mg protein from cytosols as 
indicated, 10 ml NB neat, and 2.0 mM NADH or NADPH in 100 mM potassium phosphate 
buffer pH 9.6. Spectra collected on a Broker 300 series ESR. Instrument settings were 
center field 3477.5, sweep width 50 G, gain 6.3 x I05, modulation 0,63 G, scan time 10.49 
seconds, time constant 1.28 mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 
mW power.
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line signal of the NB nitroanion radical. The signal was obtained only with NADH as 
cofactor.
Compounds other than nitro-substituted aromatics can produce radicals upon 
one-electron reduction. To determine the specificity of the reduction reactions 
catalyzed by the bacterial cytosols we used 1.4-naphthoquinone as a substrate (Fig.
6.8). Cytosol from each strain catalyzed formation of the 15 line signal characteristic 
of 1.4NQ semi-quinone radical (Takahashi et al., 1987). Either NADH or NADPH 
were suitable cofactors for producing the ESR signal, albeit that produced with the 
normal strain cytosol was greatly diminished. At pH 7.4 the semiquinone radical 
signal was greatly reduced as compared to that obtained at pH 9.6 for all of the 
bacterial cytosols tested. Nevertheless, cytosol of the deficient strain gave the 
strongest signal of the three. Thus, cytosol of all three strains are capable of reducing 
1.4NQ by one-electron, however the deficient strain appeared to do so to a greater 
degree.
Flavoenzymes such as P450 reductase are characteristically inhibited by 
CuSC>4 and PCMB (Woeringloer et al., 1979, Nisimoto and Shibata, 1982). At 240 
[iM. both CuSC>4 and PCMB inhibited the ability of all three strains to catalyze nitro 
anion radical formation from 4NPO (Fig. 6.9). This concentration of CuSCU was 
more effective in inhibiting the response than PCMB, but neither inhibitor completely 
suppressed the signal produced by the deficient strain’s cytosol. Increasing the 
concentration of CuSC>4 to 480 /iM did completely suppress the signal produced by 
cytosol of the deficient strain (Fig. 6.10). Interestingly, increasing the concentration 
of PCMB did diminish the signal but did not suppress it completely even when four 
times as much (1.44 mM) inhibitor was used (Fig. 6.11). The use of carbon monoxide 
(CO), a cytochrome P450 inhibitor, did not inhibit signal production by any bacterial 
cytosol tested indicating that P450 enzymes were not acting to promote the radical
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Figure 6.8. ESR spectra obtained from one electron reduction of 1,4NQ by cytosolic 
fractions of three bacterial strains from the umu gene induction assay under anaerobic 
conditions. Reaction mixtures contained 1.0 mg protein from cytosols as indicated, 4 mM 1,4NQ, 
and 2.0 mM NADH or NADPH in 100 mM potassium phosphate buffer pH as indicated. Spectra 
collected on a Bruker 300 series ESR. Instrument settings were center field 3477.5, sweep width 
50 G, gain 1.0 x 10\ modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, 
scanned 12 times or about 2 minutes, 9.79 GHz, 10 mW power. UjC/I
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Figure 6.9. Effect of flavoprotein and P4S0 inhibitors on one-electron reduction of 4NPO by 
cytosols taken from three bacterial strains of the umu gene induction assay under anaerobic 
conditions. Reaction mixtures contained 1.0 mg protein from cytosols as indicated, 4 mM 4NPO, 
inhibitors as indicated, and 2.0 mM NADH in 100 mM potassium phosphate buffer pH 9.6. CO was 
bubbled through reaction mixture for 1 minute just prior to initiation with NADH. Spectra collected on 
a Bruker 300 series ESR. Instrument settings were center field 3477.5, sweep width 50 G, gain 6,3 x 
10s, modulation 0,32 G, scan time 10.49 seconds, time constant 1,28 mseconds, scanned 48 times or 
about 8 minutes, 9.79 GHz, 10 mW power.
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Figure 6.10. Effect of increasing CuSO, concentration on one-electron 
reduction of 4NPO by cytosol taken from the nitroreductase deficient strain of 
the umu gene induction assay under anaerobic conditions. Reaction mixture 
contained 1.0 mg of cytosolic protein, 4.0 mM 4NPO, CuS04 as stated and 2.0 mM 
NADH in 100 mM potassium phosphate buffer pH 9.6. Spectra collected on a 
Bruker 300 series ESR. Instrument settings were center field 3477.5, sweep width 
50 G, gain 6.3 x 105, modulation 0.32 G, scan time 10.49 seconds, time constant 
1.28 mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 mW power.
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Figure 6.11. Effect of increasing PCMB concentration on one-electron 
reduction of 4NPO by cytosol taken from the nitroreductase deficient 
strain of the umu gene induction assay under anaerobic conditions.
Reaction mixture contained 1.0 mg o f cytosolic protein, 4.0 mM 4NPO, 
PCMB as stated and 2.0 mM NADH in 100 mM potassium phosphate buffer 
pH 9.6. Spectra collected on a Bruker 300 series ESR. Instrument settings 
were center field 3477.5, sweep width 50 G, gain 6.3 x 10s, modulation 0.32 
G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 48 times 
or about 8 minutes, 9.79 GHz, 10 mW power.
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signal (Fig. 6.9). Substitution of NADPH for NADH when 240 ftM  CuS04 was 
present still produced a radical signal from the interaction of the bacterial cytosol of 
the deficient strain with 4NPO (Fig. 6.12).
In a redox cycle between a nitroanion radical and molecular oxygen, 
superoxide anion radical (O2*’) is produced while regenerating the parent compound 
(Biaglow et al., 1977). Our O2  consumption data indicated that one-electron reduction 
of nitro compounds by the bacterial cytosols produced Os*' by such redox cycling. 
Because O 2*' is extremely short lived it cannot be visualized directly. However, it can 
be observed by using a spin trapping agent such as DMPO which gives a distinct long 
lived radical adduct when it interacts with 02*' (Aust et al.. 1993). We did not detect a 
signal for DMP0-02*" adduct when any of the cytosols were incubated with 4NP0 
and DMPO. However, it may be argued that a weak signal reminiscent of hydroxyl 
radical (HO*) is present in the spectrum obtained when cytosol from the deficient 
strain was used (Fig 6.13). The DMP0-02*" adduct signal can decay to give a DMPO- 
OH adduct (Finkelstein et al., 1982). Removal of potassium cyanide (KCN) and 
sodium azide (NaNs) which we normally add to inhibit adventitious SOD and catalase 
in our cytosolic preparations, did not alter the signal (data not shown). When 4NPO 
but not DMSO was left out of the reaction mixture containing cytosol from the 
deficient strain a visible decrease in the weak signal was noted (Fig. 6.14). A 
computer simulation generated from published hyperfine coupling constants for the 
HO* (Buettner, 1985) is shown to be identical to that of the signal in spectrum B of 
Figure 6.14. The addition of oxidized iron to the system did not alter the signal (data 
not shown).
6.4 Discussion
Nitroreduction in bacterial strains may be accomplished by several enzymes.
One- and two-electron reduction can occur leading to radical and nonradical
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Figure 6.12. Effect of cofactor on CuS04 inhibition of one-electron reduction of 
4NPO by cytosol taken from the nitroreductase deficient strain of the umu gene 
induction assay under anaerobic conditions. Reaction mixture contained 1.0 mg of 
cytosolic protein, 4.0 mM 4NPO, 240 pM CuS04, and 2.0 mM NADH or NADPH as 
indicated in 100 mM potassium phosphate buffer pH 9.6. Spectra collected on a Bruker 
300 series ESR. Instrument settings were center field 3477.5, sweep width 50 G, gain 6.3 
x 10s, modulation 0.32 G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 
48 times or about 8 minutes, 9.79 GHz, 10 mW power.
140
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
normal
deficient
10 gauss
enriched
Figure 6.13. Spin trapping of oxygen-centered radical during one-electron reduction of 
4NPO by cytosols taken from three bacterial strains of the umu gene induction assay. 
Reaction mixture contained 0.5 mg cytosolic protein as indicated. 0.4 mM 4NPO, 50 mM DMPO, 
1 mM KCN, 1 mM sodim azide, 0.1 mM deferryl, and 2.0 mM NADH in 100 mM potassium 
phosphate buffer pH 7.4. Spectra collected oun a Bruker 300 series ESR. Instrument settings 
were center field 3480, sweep width 100 G, gain 5 x 10\ modulation 1.0G, scan time 10.49 
seconds, time constant 1.28 mseconds, scanned 12 times or about 2 minutes, 9.79 GHz, 20 mW 
power. 141
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Figure 6.14: Effect of xenobiotic vs DMSO on production of spin trappable radicals during
one-electron reduction of 4NPO by bacterial cytosol taken from the nitroreductase deficient strain of 
the umu gene induction assay. A. Reaction mixture contained 0.1 mg protein, 100 pi DMSO, SO mM 
DMPO, 1 mM K.CN, 1 mM sodium azide, 0.1 mM deferryl, and 2.0 mM NADH in 100 mM potassium 
phosphate buffer pH 7.4, B. Reaction mixture contained 0.1 mg protein, 0.1 mM 4NPO, 50 mM DMPO, 1 
mM KCN, 1 mM sodium azide, 0.1 mM deferryl, and 2.0 mM NADH in 100 mM potassium phosphate 
buffer pH 7.4. C. Computer simulation of hydroxyl radical using hyperfine coupling constants aN=14.9, 
aH=!4.9 and linewidth 0.5 G. Spectra collected on a Bruker 300 series ESR. Instrument settings were 
center field 3477.5, sweep width 100 G, gain 6.3 x 105, modulation 0.32 G, scan time 10.49 seconds, time 
constant 1.28 mseconds, scanned 180 times or about 30 minutes, 9.79 GHz, 20 mW power.
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metabolites. It is thought thatTA1535NR of the Ames assay, which was used by Oda 
et al.. (1992) to make the nitroreductase deficient strain of the umu assay, is deficient 
in the "classical’' nitroreductase thought to catalyze one-electron transfer. Similarly, 
in making NM1011, a nitro reductase-enriched strain, it was the classical 
nitroreductase they were trying to enhance. Hajos and Winston (1991b), however, 
showed data which indicate that the nitroreductase-deficient strain of the Ames assay, 
upon which the umu assay was based, may not be deficient for one-electron 
nitroaromatic reduction. Responses of several compounds including 4NQO in normal 
and nitroreductase-deficient and -enriched strains of the umu assay were compared, 
and it was largely found that the deficient strain displayed reduced mutagenicity while 
the responses in the enriched strain were unchanged from those of the normal strain.
To better characterize the nitroreductases of the three strains cytosolic fractions were 
prepared for each from overnight cultures. All three cytosols catalyzed enhancement 
of O i consumption by 4NQO with the enriched cytosol giving the highest rate 
followed in order by the deficient and normal strains. This showed that a one-electron 
transferring enzyme was involved, which is contrary to the belief that the "classical" 
nitroreductase lost in the deficient strain, was a one-electron transferring enzyme. To 
determine if these cytosols could catalyze the production of nitro anion radical ESR 
spectroscopy was used. Interestingly, cytosol from the deficient strain gave the 
strongest 4NPO nitro anion radical signal. Additionally, it was the only one of the 
three cytosols capable of promoting the well characterized NB nitro anion signal. All 
three cytosols were found to produce the characteristic 15 line signal of the 1,4- 
naphtho-semiquinone radical showing that the enzyme or enzymes can univalently 
reduce multiple classes of xenobiotics.
P450 reductase and other flavoproteins are well characterized one-electron 
transferring enzymes (Massey, 1995). CuSCU and PCMB, which can inhibit
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flavoproteins and P450 R specifically, also inhibited the ESR signal produced by all 
three of the cytosols. High concentrations of the inhibitors were required to 
completely suppress the signal (Fig. 6.10 and 6.11). Even at 1.4 mM PCMB a clearly 
defined 4NPO nitro anion radical signal was still visible. NADH was the preferred 
cofactor for all three cytosols, although NADPH was active. The ability of the cytosol 
of the deficient strain to produce a stronger radical signal than the others may point to 
the lack of other enzymes capable of transferring two-electrons to nitro compounds 
which can compete with the one-electron-transferring enzyme for substrate. This may 
explain the relatively reduced signal obtained with cytosol from the normal and 
possibly the enriched strains. Reduced mutagenicity in the deficient strain may be the 
result of one-electron reduction of the nitro group indicating that nitro anion radical 
production may not be of significant importance for mutagenicity as previously 
suggested (Wardman et al., 1995).
Since these cytosols catalyze enhancement of nitroarene-mediated Ch 
consumption and produce nitro anion radicals it is probable that they produce C>2*~ via 
a redox cycle between the radical and molecular oxygen. No spin trappable C>2*~ 
signal was detected but a weak 4 line signal reminiscent of HO* was seen (Finkelstein 
et al., 1982). Simulation of the HO* confirmed the identity of the weak four line 
signal as that of a HO  , which may arise from decay of the 02*' (Finklestein et al.,
1962). Additionally, it is possible that although KCN and NaN3 were added to the 
system endogenous SOD and catalase were partially insensitive to them.
It is clear that the nitroreductase-deficient strain did not lose its ability to 
catalyze one-electron reduction. Whatever the nature of the enzyme that was deficient 
it may compete with the one-electron reducing system for nitro aromatic substrates. 
Additionally it would appear that one-electron reduction may not play as big a role in 
the mutagenicity of nitrocompounds as was suggested (Wardman et al., 1995).
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C hapter 7  Single Electron Reduction o f Xenobiotic Compounds by Glucose 
Oxidase from Aspergillus niger*
7.1 Introduction
Metabolism of xenobiotic compounds occurs via various pathways and is 
catalyzed by a wide variety of enzymes. The result is production of metabolites 
which, relative to the parent substrate, are detoxified or activated to more reactive 
forms which can be mutagenic and carcinogenic (Rickert, 1987, Fu, 1990). One- 
electron transfer by enzymes such as the flavoprotein cytochrome P450 reductase (EC 
1.6.2.4) can produce a xenobiotic free radical product capable of redox cycling with 
molecular oxygen (O2 ) to produce superoxide anion radical (O2*') (Mason and 
Holtzman, 1975a). The latter leads to formation of the hydroxyl radical (HO*), thus 
redox cycling of xenobiotics results in a cascade in which various radicals capable of 
causing cellular damage can arise (Miller and Miller, 1974, Chesis, et al., 1984, 
Wardman, et al., 1995). Some flavoproteins readily catalyze such one-electron 
reduction of compounds while others catalyze two-electron transfer to yield non-free 
radical products, which have also been implicated in mutagenesis (Heflich et al.,
1985).
There are four classes of flavoproteins, each of which is delineated based upon 
enzymatic interaction with O 2 (Massey, 1995). While the mechanism by which each 
class interacts with O 2 has been hypothesized, as shown by Kemal et al.(l977) to 
occur for free flavins, only the initial transfer of one electron appears to be a common 
step among them.
Certain oxidases such as D-amino acid oxidase (EC 1.433), glucose oxidase 
(EC 1.13.4) and glyoxal oxidase (EC number not found) produce hydrogen peroxide
*Reprinted with permission from Free Radical Biology and Medicine (in press). 
Copyright 1997 by Elsevier Science Inc.
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(H2O2 ) through direct divalent reduction of O2  * whereas others, xanthine oxidase (EC 
1.13.22) and cytochrome P450 reductase for example, catalyze univalent reduction of 
O2  resulting in the production of 02*' (Massey, 1994). This ready interaction with O2 
makes glucose oxidase, a simple flavoprotein, useful for removal of trace O 2 in the 
maintenance of anaerobic conditions for food preservation (Bigelis and Lasure, 1967) 
and in biochemical reactions that require strict anaerobic conditions (Tamburini et al., 
1964, Backes and Eyer, 1969).
Fungi accumulate gluconic acid which is derived from simple oxidation of 
glucose. Several species of fungi express glucose oxidase which catalyzes formation 
of gluconolactone from glucose with concomitant, direct reduction of O2  to H20 2 
(Kubicek et al., 1994). The reaction ties glucose utilization with gluconate catabolism 
(Roehr et al., 1983). One physiological function ascribed to this extracellular fungal 
enzyme is production of H20 2 for use in lignin degradation, which is catalyzed by 
lignin peroxidases.
In the present study we report that glucose oxidase catalyzes univalent 
reduction of various xenobiotic compounds that are capable of supplanting O 2  as a 
direct hydrogen atom acceptor from this flavoprotein. Electron spin resonance (ESR) 
spectroscopy was used to detect the free radicals produced from three classes of 
xenobiotic compounds in the presence of glucose oxidase and glucose.
7.2 Materials and methods
7.2.1 Materials
Glucose oxidase type II from Aspergillus niger, glucose, NADPH, NADH,
1,4-naphthoquinone (1,4NQ), 4-nitropyridine-iV-oxide (4NPO), superoxide dismutase 
(SOD) (EC 1.15.1.1), 53-dimethyl-1-pyrroline-A-oxide (DMPO), 
dichlorophenolindolphenol (DCPIP), and Chelex-100 resin,were obtained from Sigma, 
St. Louis MO. Dimethylsulfoxide (DMSO) was obtained from Mallenckrodt
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Specialty Chemicals Co., Chesterfield, MO. DMPO was solubilized in distilled water 
and filtered through activated carbon. It was then sealed with nitrogen and kept frozen 
at -80 C°.
1.2.2 Electron Spin Resonance spectroscopy
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Broker ESP 300 instrument fitted with a TM8490 cavity. The instrument was 
operated at 9.78 GHz, 10 mW microwave power and 100 kHz modulation frequency. 
Other instrumental conditions are given in the Figure legends. For anaerobic samples 
the 13 ml incubations were bubbled with nitrogen gas for S minutes before being 
initiated by the addition of 25 ul glucose and transferred to a nitrogen filled flat cell 
capped at both ends. Since nitro anion radicals are more stable at alkaline pH (Rao et 
al., 1967), a 100 mM potassium phosphate buffer, pH 9.6, was used in all anaerobic 
experiments. Final concentrations were: 60 units glucose oxidase per ml, 7 mM 
glucose, and 2 mM NADH or NADPH. For the aerobic experiments a 100 mM 
potassium phosphate buffer, pH 7.4, which had been passed over a chelex-100 resin to 
remove trace metals was used. Final concentrations were: 50 mM DMPO, 60 units 
glucose oxidase per ml, 7 mM glucose, and 2 mM NADH or NADPH as appropriate 
for each experiment Concentrations for 4NPO, 1,4NQ, and DCPIP varied and are 
listed appropriately in the Figure legends.
7 J  Results
4-nitropyridine-A/-oxide was incubated under anaerobic conditions with 
glucose oxidase in the presence of glucose. A multi-lined ESR signal was obtained 
which was comparable to signals obtained when 4NPO was incubated with the 
traditional one-electron transferring enzymes, P450 reductase and xanthine oxidase 
(Fig. 7.1 A). No ESR signal was detected in the absence of 4NPO, enzyme, or if 
glucose was either omitted or replaced with NADH or NADPH (Fig. 7. IB).
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Figure 7.1. One-electron reduction of 4NPO by glucose oxidase. (A)
ESR spectrum obtained from the reaction of 4 mM 4NPO with glucose 
oxidase and glucose in potassium phosphate buffer, pH 9.6, and a final 
DMSO concentration of 7%. The reaction was performed in a nitrogen 
atmosphere. (B) No ESR spectrum was obtained when either glucose 
oxidase or 4NPO was omitted from the reaction, or if glucose was omitted 
or replaced with NADH or NADPH. (C) Computer simulation of (A) 
obtained using hyperfine coupling constants (N--O) 4.04, (H2,6) 1.15, 
(H3,5) 3.36, (N02) 9.65, and linewidth 0.1#G. Spectrometer settings: 
0.3 2#G modulation amplitude, 1.28 msec time constant, 10.49 sec scan 
time, scanned 48 times.
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Additionally, glucose plus glucose oxidase did not react with DMSO alone to give a 
signal. Hyperfine coupling constants were calculated and confirmed by computer 
simulation (Fig. 7.1C). The coupling constants were consistent with that of 4NPO 
anion radical obtained in organic solvent (Kawamura et al., 1973). Moreover, an 
identical spectrum was obtained when the experiment was conducted in D2O instead 
of HjO. Thus, the species obtained did not contain an exchangeable proton which 
would have been the case if the hydronitroxide radical, formed upon oxidation of the 
hydroxylamine, produced the signal (Kalyanaraman, et al., 1979).
To determine if one-electron reduction by the glucose oxidase reaction was 
solely a property of nitro-substituted compounds, the experiment was repeated with
1,4-naphthoquinone ( 1.4NQ). This substrate can accept one or two electrons and, 
thus, be converted to a semiquinone radical or a hydroquinone, respectively (Lind et 
al., 1962). The former is typical of cytochrome P450 reductase and xanthine oxidase 
and the latter of DT-diaphorase, [NAD(P)H-quinone (acceptor) reductase] (EC 
1.6.99.2). Figure 7.2 shows the 15-line signal obtained when 1.4NQ was incubated 
under anaerobic conditions in the presence of glucose oxidase and glucose. The 
quinone, enzyme, and glucose were required to obtain this signal. A simulation based 
upon published hyperfine coupling constants (Takahashi et al., 1967) confirmed the 
signal to be the one-electron reduction product of 1.4NQ, namely 1,4 naphtho 
semiquinone radical.
It was of interest to determine if glucose oxidase catalyzed one-electron 
transfer to the nitroaromatic and quinone substrates with similar efficiency. Thus, 
4NPO and 1,4NQ were incubated together at an equimolar concentration of 4  mM in 
the presence of glucose oxidase and glucose. The complex spectrum shown in Figure 
7 3  contains the characteristic signals expected from one-electron reduction of 4NPO 
and l,4NQ by the glucose oxidase reaction under anaerobic conditions. The signal of
si
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Figure 7.2. One-electron reduction of 1,4NQ by glucose oxidase. (A) ESR
spectrum obtained from the reaction of 4mM 1,4NQ with glucose oxidase and 
glucose in potassium phosphate buffer, pH 9.6, and a final DMSO 
concentration of 13%. The reaction was performed in a nitrogen atmosphere. 
(B) Computer simulation of (A). Spectrometer settings: 0.32 G modulation 
amplitude, 1.28 msec time constant, 10.49 sec scan time, scanned 12 times.
i
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Figure 7 J .  ESR spectra obtained from the one-electron reduction of 
4NPO and 1,4NQ by glucose oxidase. Reaction mixture contained glucose 
oxidase, 4 mM 4NPO, 4 mM 1,4NQ and glucose in potassium phosphate 
buffer, pH 9.6, and a final DMSO concentration o f 20%. The reaction was 
performed in a nitrogen atmosphere. Spectrometer settings: top Panel; gain 
= 6.3 x 105 to emphasize 4NPO signal, bottom panel; gain = I x 104 to 
emphasize 1,4NQ signal, 0.32 G modulation amplitude, 1.28 msec time 
constant, 10.49 sec scan time, scanned 12 times.
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the semiquinone radical of 1,4NQ greatly predominates the spectrum which is 
indicative of the more favorable redox potential for electron transfer to the quinone 
relative to the nitro group.
When nitro compounds (or quinones) are reduced by one electron in air, a 
redox couple is established in which O2  is converted to C)?' by accepting the electron 
from the nitro anion intermediate thereby regenerating the parent compound (Mason, 
1982). Under the reaction conditions of our study a barely discernible signal with 
splittings similar to the DMP0 -0 2 *' adduct was observed when the glucose oxidase 
reaction was carried out in the presence of 4NFO in air. Additionally, when iron (III) 
chloride was added to the same incubation mixture at the start of the reaction, a weak 
six line signal was obtained (Fig. 7.4A). This signal is characteristic of the methyl 
radical adduct of DMSO which results from the addition of HO* to DMSO (Buettner, 
1965). Superoxide dismutase partially inhibited the signal (Fig. 7.4B) indicating at 
least a partial role for 0 2 *' in generating the signal. No ESR signal was obtained in the 
absence of glucose oxidase, glucose and DMPO nor when glucose was replaced with 
NADH or NADPH (Fig. 7.4C).
Dichlorophenolindolphenol (DCPIP) can replace O 2 as the hydrogen acceptor 
in the glucose oxidase reaction (Al-Bekairi et al., 1994). As with O2  it might be 
anticipated that DCPIP is divalently reduced. In fact, DCPIP is widely used as a 
substrate for measuring divalent reduction by DT-diaphorase (Uochev and Fridovich, 
1995). When DCPIP was used as the hydrogen (electron) acceptor in lieu of O 2 in the 
reaction, a 28-line signal was detected, similar to that of the free radical intermediate 
observed by Mason (1982) when they incubated DCPIP with rat liver microsomes and 
NADPH, a one-electron transferring system. Reduction of DCPIP by glucose oxidase 
was next tested in the presence of 4  mM 4NFO. The same 28-line signal noted before
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Figure 7.4. ESR spectra obtained from the reaction of 4NPO with 
glucose oxidase in an air atmosphere under varying conditions. (A)
ESR spectrum obtained from the reaction of 4 mM 4NPO with glucose 
oxidase and glucose in an air atmosphere. The reaction contained 50 mM 
DMPO and 50 pM Fe(III) in potassium phosphate buffer, pH 7.4. The buffer 
had been passed over a chelex-100 resin before use in the reaction. The final 
concentration of DMSO was 7%. (B) Spectrum obtained upon addition of 
90 units superoxide dismutase to the reaction mixture used to obtain (A). (C) 
Spectrum obtained if 4NPO but not DMSO was omitted, or if DMPO, 
glucose oxidase or iron was omitted. Spectrum obtained if glucose was 
omitted or replaced with NADH or NADPH. Spectrometer settings: 0.32 
G modulation amplitude, 1.28 msec time constant, 10.49 sec scan time, 
scanned 1 2  times.
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was obtained indicating a thermodynamically more favorable univalent reduction of 
DCPIP by glucose oxidase (Fig. IS ).
7.4 Discussion
The coupling of O2  reduction to glucose oxidation by the enzyme glucose 
oxidase results in the production of H20 2  with no detectable one-electron reduced 
intermediates (Massey, 1994). In light of this, numerous investigators have used 
glucose plus glucose oxidase to generate H20 2 without interferences from 0 2*~ 
(Buettner, 1985). Therefore, the detection of one-electron reduction products from the 
various xenobiotic compounds that we used as alternatives to 0 2 as hydrogen 
acceptors in the glucose oxidase reaction may be of important environmental 
relevance. Based on their hyperfine coupling constants and simulations, the ESR 
spectra obtained from the reduction of 4NPO and 1,4NQ by glucose oxidase may be 
assigned as the one-electron reduction (free radical) intermediates of these 
compounds.
Under aerobic conditions 0 2*" is likely to be generated when 4NPO and 1.4NQ 
radical intermediates undergo autoxidation. Methyl radical is produced by the 
addition of HO* to the S-O bond of DMSO followed by ^-scission. When 4NPO was 
omitted from the reaction but the DMSO retained the methyl radical adduct was not 
detected indicating that reduction of 4NFO by glucose oxidase is required for its 
generation. Al-Bekairi et al. (1994) recently reported a SOD-sensitive reduction of 
nitroblue tetrazolium (NBT) by glucose oxidase which they attributed to production of 
0 2*~ within the solvent cage of the flavoprotein. However, Liochev and Fridovich 
(1995) presented a clear explanation of this SOD sensitivity of NBT reduction, which 
is also a cogent argument for the SOD-sensitive reduction of 4NPO by glucose 
oxidase that we report herein. NBT itself can be reduced to an autoxidizable NBT 
radical (Picker and Fridovich, 1964) which may have been the source of SOD-
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F igure 7.5. O ne-electron reduction  o f D C PIP  by glucose oxidase. Spectrum obtained from the 
reaction o f  ImM DCPIP with glucose oxidase and glucose in potassium phosphate buffer, pH 9.6, under 
nitrogen atmosphere. DMSO was absent in this experiment. Spectrometer settings: 0.32 G modulation 
amplitude, 1.28 msec time constant, 10.49 sec scan time, scanned 12 times.
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inhibitable NBT reduction in the studies of Al-Bekairi et al. (1994). During the 
coupled oxidation of glucose by glucose oxidase in the presence of 4NPO and 1.4NQ, 
spectra of 59 and 15 lines are generated which are identical to spectra generated by 
one electron reduction of 4NPO and 1,4NQ by one electron transferring enzymes like 
P450 reductase (not shown). Thus, glucose oxidase clearly reduces these classes of 
molecules by one-electron and generates an intermediate radical species that, in the 
presence of O 2 , can produce 0 2 *~- This autoxidation reaction is in quasi equilibrium 
which is moved to the right by the SOD-catalysed disproportionation of O2* '. In this 
case, SOD actually favors reoxidation of the nitroanion radical and, thereby, inhibits 
the ESR signal of the methyl radical, which is the product of the radical cascade 
beginning with univalent reduction of 4NFO that was measured in the presence of 
iron.
The fact that addition of the ferric ion produced the methyl radical indicates its 
reduction to the ferrous ion and participation in a Fenton reaction to generate HO* 
from H20 2. Superoxide anion could have fulfilled this role via the iron-catalyzed 
Haber-Weiss reaction (Aust et al., 1965, Borg and Schaich, 1964). On the other hand, 
the possibility that methyl radical arose from HO* generated via the reaction RNO2*- 
+ H20 2  —> RNO2  + ‘OH + OH* in the manner described by Winterboum and Sutton 
(1984) for reduction of H20 2  by semiquinone and paraquat radicals cannot be 
rigorously excluded. In the reaction glucose oxidase uses glucose exclusively as an 
electron donor; neither NADH nor NADPH can fulfill this function.
Although glucose oxidase is not found in higher organisms its presence in 
molds such as Penicillium  has been of interest as an antibacterial agent because of its 
ability to produce high amounts of H20 2. Glucose oxidase has also been investigated 
as a cancer treatment agent for the same reason (Muzykantov et al., 1988). 
Additionally, fungi and molds in the environment play a significant role in
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degradation of hazardous waste. The anaerobic fungus Phanerochaere chrysosporium 
extensively degrades various nitroaromatic compounds by initial reduction of the nitro 
group to hydroxylamines (Spain, 1995). The hydroxylamines are then enzymatically 
rearranged to hydroxylated products which are substrates for ring-fission reactions. 
Our findings suggest a free radical pathway of nitroaromatic and possibly certain 
chlorinated hydrocarbon degradation under anaerobic conditions by a fungal enzyme. 
Thus, further study to characterize the glucose oxidase reaction with compounds of 
environmental importance, and their resulting metabolites, is warranted for 
comprehensive understanding of the impact of molds and fungi on the production of 
mutagenic and carcinogenic metabolites in the environment.
i
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C hapter 8 Invertebrate Redaction o f 4NPO
8.1 Introduction
Nitroaromatic compounds are found throughout the environment including 
aquatic systems. During univalent reduction many nitroaromatic compounds produce 
a nitro anion radical which can act to directly damage membranes, proteins, or DNA 
(Wardman et al., 1995). Additionally nitro anion radicals redox cycle with molecular 
oxygen (O2) producing superoxide anion radicals (0 2 *~) while regenerating the parent 
compound (Biaglow , 1961). Enzymatic reduction of these compounds by 
mammalian systems has been well studied while nitroaromatic reduction by 
invertebrates is not so well characterized. It would appear that these organisms do 
have a system of antioxidant enzymes and compounds which can be used to modify 
xenobitoics. (Garcia Martinez et al., 1992,1995, Jewell and Winston, 1989). 
Nitroreductase activity is present in microsomal fractions from M. edulis and other 
shellfish and has been shown to enhance O2  consumption in the presence of 
nitroaromatic compounds including 4NQO. Mussel microsomal fractions have also 
been shown to activate 4NQO to more mutagenic products but whether this is 
occurring through one- or two-electron reduction is not known (Garcia Martinez et al., 
1992).
Although inferred indirectly (Hetherington et al., 1996, Garcia Martinez et al., 
1992,1995), the present study is the first to report direct evidence that microsomal 
electron transfer by marine invertebrates catalyze univalent reduction of nitroaromatic 
compounds to a nitro anion radical in vitro. Mussel digestive gland microsomes as 
well as sea anemone columar body microsomes were incubated in the presence of 4- 
nitropyridine- A-oxide (4NPO) and scanned using electron spin resonance (ESR) 
spectroscopy. Because some flavoproteins are capable of reducing nitroaromatic
158
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compounds by one-electron we also studied the potential of this class of proteins to 
participate in mussel microsomal one-electron metabolism of 4NPO. Mussel 
microsomes catalyze the enhancement of O2  consumption by nitroaromatic 
compounds. Therefore, a spin trapping technique was used in conjunction with ESR 
spectroscopy to determine if this enhancement of microsomal-catalyzed O2  
consumption caused by nitroarenes was due to C>2*~ production.
8.1 Materials and methods
8.2.1 M aterials
Tris-HCl, sucrose, ethylenediamminetetraacetic acid (EDTA), dithiothreitol 
(DTT), soybean typsin inhibitor, NADPH, NADH, nitrobenzene (NB), 53-dimethyl- 
1-pyrroline-A-oxide (DMPO), Che lex-100 resin, 4-nitropyridine-iV-oxide (4NPO), 
desferrioxamine mesylate (deferryl), p-methylsulfonylfluoride (PMSF), sodium azide 
(NaN3>, p-chloromercuribenzoate (PCMB), glucose oxidase, xanthine oxidase (XO), 
potassium chloride (KO)were purchased from Sigma Chemical Co., S t Louis, 
Missouri. Glucose, potassium phosphate, cupric sulfate (CUSO4 ), were purchased 
from Fisher Scientific, Pittsburgh, Pennsylvania. DMSO was purchased from 
Mallenckrodt Specialty Chemicals Co., Chesterfield, MO.
8 ^ 2  Mussel protein samples
Microsomes were prepared from mussels as described by Garcia Martinez et 
al., (1995). Digestive glands were removed, pooled and homogenized in 
homogenization buffer of 20 raM Tris-HCl, pH 7.6, containng 0 3  M sucrose, 1 mM 
EDTA, 1 mM DTT, 0.1 mM PMSF and 0.15 M KCL. All procedures were completed 
on ice and the fractions were obtained by successive centrifugations of 500g X 30 
minutes, 8500g X 30 minutes, 14300g X 30 minutes and 105,000g X 1 hour. 
Microsomes were resuspended in buffer without PMSF and stored at -80°C. The final
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microsomal protein concentration as determined by the modified Lowry method 
(Lowry et al., 1951) was ~ 4.5 mg/ml.
8 .2J  Anemone protein samples
Anemone microsomes were prepared as described by Heffeman et al.. (1996). 
Before homogenization tentacles were carefully removed. Animals were then pooled 
and homogenized in buffer of 50 mM Tris-HCl, pH 7.6 containing 250 mM sucrose, 1 
mM EDTA, 1 mM DTT, 1 mM PMSF. and 1 mg/ml soybean trypsin inhibitor. All 
procedures were completed at 4  °C and fractions were obtained by successive 
centrifugations of 2000g x 5 minutes, 8500g x  15 minutes, 14,000g x  15 minutes and 
105,000g x 1 hour. The resulting pellet was resuspended in resuspension buffer of 50 
mM Tris-HCL, pH 7.4 with 250 mM sucrose and no inhibitors. Microsomes were 
stored at -80°C. The microsomal protein concentration was determined by the 
flourescamine protein assay (Lorenzen and Kennedy, 1993) and was 12 mg/ml.
8.2.4 Electron Spin Resonance spectroscopy
ESR spectroscopy was conducted at room temperature using a quartz flat cell 
in a Broker ESP 300 instrument fitted with a TM8490 cavity. The instrument was 
operated at 9.78 GHz, 10 mW microwave power unless otherwise stated and 100 kHz 
modulation frequency. Other instrumental conditions are given in the Figure legends. 
For anaerobic samples the 13 ml incubations were bubbled with nitrogen gas for 5 
minutes before being initiated by the addition of 25 pi of appropriate cofactor and 
transferred to a nitrogen filled flat cell capped at both ends. Since nitro anion radicals 
are more stable at alkaline pH (Rao et al., 1987) a 100 mM potassium phosphate 
buffer, pH 9.6, was used in all anaerobic experiments. Final concentrations are listed 
in the Figure legends. For the aerobic experiments a 100 mM potassium phosphate 
buffer. pH 7.4, which had been passed over a Chelex-100 resin to remove trace metals,
i'
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was used. Final concentrations for all chemicals and proteins are stated in the Figure 
legends.
8.3 Results
Nitroaromatic compounds are widespread in the environment including aquatic 
systems. Enzymes which reduce nitroaromatic compounds have been reported in 
many invertebrates (Livingstone, 1991). Digestive gland microsomes from the 
common marine mussel M vtilus edulis L. catalyze NAD(P)H-dependent reduction of 
4NQO and various other nitroaromatic compounds with concomitant enhanced O2 
consumption (Garcia Martinez, et al., 1992,1995). It can be inferred from these 
observations that a radical intermediate was involved, albeit this has not been 
demonstrated in an invertebrate model. Here we show that digestive gland 
microsomes univalently reduce 4NPO and presumably other nitrocompounds to 
produce a radical product (Fig. 8 . 1). This nitroarene yields a distinct ESR signal 
which can be computer-simulated from known hyperfine splitting constants. Like 
mammalian rat microsomal systems mussel microsomes can use both NADH and 
NADPH to reduce 4NFO to its nitro anion radical although NADH appears to be a 
better cofactor for mussel microsomes. Additionally columnar body microsomes from 
sea anemones also reduce 4NPO by one-electron although at a much lower level per 
mg of protein than the other species shown here (Fig. 8 .1). The ability of mussel 
microsomes to catalyze one-electron reduction of nitrobenzene was also tested but no 
signal was detected (data not shown). The effect of flavoprotein inhibitors was 
studied to determine if a role for these enzymes exists in the production of the radical 
signal from the interaction between mussel microsomes and 4NPO. In support of this 
role for flavoprotein reduction of 4NPO, the addition of 240 ftM  CUSO4  or PCMB 
completely suppressed the free radical signal produced by mussel microsomal 
reduction of 4NPO (Fig. 8.2).
si
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Figure 8.1. C om parison  o f 4N PO  reducing capability  o f four species. Reaction mixture 
contained 4 mM 4NPO, 1.0 mg uninduced microsomal protein as indicated and 2.0 mM 
NADH or NADPH as indicated in 100 niM potassium phosphate buffer pH 9.6. Spectra 
were collected on a Bruker 300 series ESR. Instrument settings were center field 3477.5, 
sweep width 50 G, gain 6.3 x 10s, modulation 0.32 G, scan time 10,49 seconds, time constant 
1.28 mseconds, scanned 48 times or about 8 minutes, 9.79 GHz, 10 mW power.
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Figure 8.2. Effect of inhibitors on reduction of 4NPO by mussel 
microsomes. Reaction mixture contained 4 mM 4NPO, 1.0 mg 
microsomes, and 2.0 mM NADH in 100 mM potassium phosphate buffer 
pH 9.6. Final concentrations o f inhibitors as indicated. Spectra were 
collected on a Bruker 300 series ESR. Instrument settings were center field 
3477.5, sweep width 50 G, gain 6.3 x 105, modulation 0.32 G, scan time 
10.49 seconds, time constant 1.28 mseconds, scanned 48 times or about 8  
minutes, 9.79 GHz, 10 mW power.
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M. edulis digestive gland microsomes have been shown to enhance O 2 
consumption in the presence of nitroaromatic compounds (Garcia-Martinez. 1992.
1995). It is assumed that this enhancement of O 2  consumption results from one- 
electron reduction of the nitro compound the product of which enters a redox cycle 
with O2  producing 0 2 *' a* the expense of 0 2 - We detected 0 2 *' when 4NPO was 
incubated with mussel microsomes and NADH (Fig 83A). If microsomes. 4NP0. 
DMFO or cofactor was left out of the reaction mixture the spectrum of Figure 83B 
was obtained.
8.4 Discussion
Nitroaromatic compounds found throughout the environment are consumed 
and metabolized by all animals. Nitro-reducing enzymes have been well characterized 
in mammals, especially rats while other species, particularly invertebrates, have not 
been as well studied. Microsomal fractions of mussel (M. edulis) digestive gland 
display enhance rates of O2  consumption when incubated in the presence of nitro 
aromatic compounds and NAD(P)H, which indicates their ability to metabolize these 
compounds. This also implies the production of nitro anion radicals, which in turn can 
undergo redox cycling with molecular oxygen. In our species comparison uninduced 
bacteria, sea anemone and mussel microsomes were all shown to produce 4NF0 nitro 
anion radical indicating the presence of a single-electron transferring enzyme 
throughout the animal kingdom capable of reducing environmental pollutants to 
radical species. Both NADH and NADPH were capable of acting as electron donors 
for the reduction of 4NPO by mussel microsomes although NADH was favored. This 
indicates the presence in mussel microsomes of either an enzyme which can use both 
cofactors or the presence of more than one one-electron transferring enzyme. The 
suppression of the mussel microsomal mediated radical signal by G 1SO4  and FCMB is 
consistent with the presence of a flavoprotein catalyzing 4NPO reduction. Garcia
i
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and 2.0 mM NADH. B. Spectrum obtained if 1 of the following omitted: DMPO, 4NPO, microsomes, NADH, 
Spectra were collected on a Bruker 300 series ESR. Instrument settings were center field 3477.5, sweep width 100 G, 
gain 5 x 10s, modulation 0.63 G, scan time 10.49 seconds, time constant 1.28 mseconds, scanned 12 times or about 2 
minutes, 9.79 GHz, 10 mW power.
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Martinez et al. (1992.1995) showed that certain nitroaromatic compounds enhance 
mussel microsomal O2  consumption. Here we show that O2*' is produced when 
mussel microsomes are incubated with 4NPO and NADH. This is consistent with O2 
consumption data of Garcia Martinez et al. (1992.1995) who showed that mussel 
digestive gland microsomes enhance O2 consumption in the presence of nitrofurantoin 
and 4-nitroquinoline-Af-oxide.
Mussels periodically exist in hypoxic environments. Here, nitro anion 
radicals formed from one-electron reduction of nitro compounds are more stable and 
do not redox cycle. The consequences of anaerobic reduction of nitroarenes vs 
aerobic reduction with regard to their toxicity and mutagenicity is indicated to be quite 
different- In the former, oxyradicals are not generated and toxicity is a function of the 
xenobiotic radical or further reduced non-radical metabolites. In the latter, oxyradical 
production is proliferated via a redox cycle. Our data indicate that those compounds 
which are the best redox cyclers are not necessarily the more mutagenic (chapter 2  and 
chapter 3). Interestingly however, cytotoxicity does appear to correlate with 
oxyradical production from this route. Metabolic activation of environmental 
pollutants to more toxic and mutagenic intermediates is of importance to all 
organisms. Although induction of various ideopathic lesions in organisms such as 
anemones and mussels may not be of immediate concern to the human population at- 
large, it is a measure of pollution and may be used to detect and characterize the 
spread of pollution in the environment Understanding how these organisms 
metabolize various compounds will help us to define the fate and effect of these 
compounds at the ecosystem level.
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Chapter 9 Condos ions and Future Directions
The study of nitro compounds is an important but daunting task. The structural 
diversity of nitroarenes is immense and their toxicological ramifications are highly 
dependent on their physical and chemical properties, e.g., substituent effects, redox 
potential, aromadcity and solubility characteristics, to name a few. Obviously it is not 
feasible to classify their numerous toxic responses in all living organisms, but there 
are quantitative structure activity relationships and screening methods by which we 
can assess potential mutagens and carcinogens and draw statistically significant 
inferences about them. Herein, we present findings of studies on a well known 
carcinogenic nitro compound, 4-nitroquinoline-iV-oxide. Since its creation in the early 
sixties it has been intensely investigated. Even so, we have been able to add to that 
base of knowledge.
Initially, our studies were designed to compare and contrast the potent 
mutagenicity of 4NQO to five similarly structured compounds in the umu 
mutagenicity test (chapter 2 ). In this assay normal and enzymatically altered strains of 
Salmonella typhimurium were used to identify the structural moieties of 4NQO of 
importance to its mutagenicity and which enzyme pathways are important for 
mutagenic expression. We report that the mutagenic activity of 4NQO is an 
obligatory function of all of the components of the molecule acting as a whole; a 
structural analog lacking any moiety of 4NQO is profoundly less mutagenic. 
Furthermore, we note that nitroreduction of 4NQO is required for mutagenicity while 
acetylation appears to be detoxifying.
Exposure to certain xenobiotics can induce or lower enzyme content of 
organisms and these changes vary with different inducers (Okey, 1990). To determine 
the relative importance of a particular enzyme or group of enzymes in activating
167
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4NQO we studied the ability of liver microsomal fractions from rats pretreated with 
Aroclor 1254 and 3MC, two classic inducers of the microsomal mixed function 
oxidase system. 4NQO mutagenicity was reduced by addition of Aroclor 1254- 
induced microsomes to the reaction mixture. Addition of 3MC-induced microsomes 
did not effect 4NQO mutagenicity as compared to uninduced control microsomes. 
Control microsomes actually catalyze a certain level of detoxification of 4NQO, which 
indicates a suppression of detoxification in 3-MC microsomes. Thus, Aroclor 1254 
induced a detoxification pathway while 3MC down-regulated a detoxification 
pathway; it is possible that these pathways are the same. These findings prompted 
further characterization of 4NQO interactions with enzymes.
Ascorbate reduces 4NQO to a nitro anion radical, which redox cycles with 
oxygen (O2  ) and forms superoxide anion radical (O^*') with concomitant O2 
consumption (Biaglow, 1981). We compared rates and extents of O2  consumption 
mediated by 4NQO as a function of various microsomal and purified enzymes 
(chapter 3). Microsomal preparations from rats pretreated with inducers of 
flavoenzymes that catalyze one-electron transfer enhanced 4NQO-mediated O2 
consumption to the greatest degree. Purified flavoenzymes that catalyze one-electron 
transfer also promoted the greatest rates of O2  consumption. In comparing 4NQO to 
the other test compounds we found that the nitro group is essential for O 2 
consumption. The iV-oxide moiety was also important for O2  consumption but only in 
the presence of the nitro group. The extra aromatic ring did not, however, 
significantly contribute to increased O 2  consumption since 4NFO, which lacks the 
extra benzene ring, enhanced O2  consumption to as great a degree as 4NQO- 
Oxyradical generation by redox cycling nitroarenes has been linked causally to 
nitroarene mutagenesis. The different structural requirements for mutagenicity and O2
st
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consumption suggests that oxyradical production is not an obligatory mechanism for 
mutagenicity of nitroarenes.
By ESR spectroscopy we confirmed the presence of CV' when microsomes 
were used to reduce 4NQO. This indirectly implied the presence of a nitro anion 
radical. ESR studies conducted under anaerobic conditions revealed spectra of 
nitrogen centered radicals from reduction of 4NQO and 4NFO by purified P450 
reductase (chapter 4). The spectrum of 4NQO in aqueous solution was unresolved, 
but the spectrum of 4NPO yielded a clear 59 line signal which we later used to 
characterize enzymatic responses from various enzyme sources. While the spectrum 
of 4NQO in aqueous solution was unresolved a highly resolved spectrum was obtained 
in DMSO. This spectrum is still under analysis, however, a classical nitrogen- 
nitrogen split was indicated, which suggests the influence of both nitrogens upon the 
spectrum. There was also a 1:2:1 split suggestive of equivalence of hydrogens 
somewhere on the compound. The question of hydrogen equivalence remains 
unresolved as spin density calculations did not confirm this. It is recognized that in 
some, but not all cases, does spin density correlate with charge density.
Well resolved spectra were obtained in DMSO for4NOQO and 4HAQO, the 
two- and four-electron reduced metabolites of 4NQO. Interestingly, both compounds 
yielded the same spectrum, which we have assigned as the hydronitroxyl radical.
Kano et al. (1967) suggested that 4NOQO and 4HAQO can exist together in a redox 
cycle with a radical intermediate. This could explain the presence of a radical signal 
in the DMSO-solubilized 4NOQO sample when no reducing equivalents were present. 
Hyperfine splitting constants were determined for the radical generated from 4NOQO 
in DMSO. The resulting 52 line signal was identical to that obtained for 4NOQO and 
4HAQO in DMSO. The hydronitroxyl radical has a labile hydrogen at the 
hydronitroxyl group which may be exploited for confirmation of its identity. When
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D2O was used to replace H2O in the experiment the hydronitroxyl signal was 
markedly perturbed. Hyperfine splitting constants of this perturbed spectrum was 
consistent with replacement of the hydronitroxyl hydrogen by deuterium. Whether 
these signals are identical to those obtained for4NQO and 4HAQO in aqueous 
solution might be resolved by spectral simulation. If this can be achieved it would 
implicate hydronitroxyl radical as an important intermediate in the reductive chemistry 
of4NQO.
We used ESR to characterize microsomal reduction of nitroarenes by two 
marine invertebrates, the common marine mussel M ytilus edulis L. and the sea 
anemone Bunodosoma cavemata. (chapter 8 ) This comparative biochemistry study 
was done in conjunction with an ongoing NATO collaboration to characterize 
nitroarene metabolism in marine invertebrates (Garcia Martinez et al., 1995) as this 
group of environmental contaminants is ubiquitous in marine environments and 
threatens their ecosystem balance. Our results indicate the presence of univalent 
reductive biochemistry pathways and a role for these in nitroarene metabolism as a 
general feature in the animal kingdom. As in higher organisms it is closely associated 
with flavoproteins as determined by inhibition of radical production with flavoprotein 
inhibitors. The ESR signals presented in chapter 8  represent the first direct evidence 
of univalent reduction of nitroarenes to free radical products by marine invertebrate 
systems.
Liver microsomes prepared from Aroclor 1254-pre treated rats catalyzed 
formation of more intense nitro anion radical signals from 4NPO than microsmes from 
control (uninduced) rats, albeit, a substantial constitutive level of radical production 
was observed (chapter 5). Comparisons of four purified flavine-containing enzymes 
demonstrated the diversity of function of this group of enzymes. As expected P450 
reductase and xanthine oxidase, which transfer one electron (Winston et al., 1984,
i
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Aust et al.. 1993, Wardtnan et al.. 1995), produced the 4NPO nitro anion radical, 
while DT- diaphorase, known to transfer two electrons, did not. Serendipitously, we 
discovered single electron transferring capability catalyzed by a fungal glucose 
oxidase, a flavoenzyme. This was not expected since the role of glucose oxidase has 
historically been considered a 2 -electron reductant of molecular oxygen to yield 
hydrogen peroxide (H2O2 ) directly, i.e., without going through 0 2 ** as an 
intermediate (Massey, 1994,1995). This enzyme is capable of reducing at least three 
different classes of xenobiotics by one electron, but the rapidity with which it converts 
O2 to H2O2  makes it difficult to determine the presence of 0 2 *~ via a redox cycle 
(chapter 7).
As mentioned above, single electron reduction of nitro compounds is found 
throughout the animal kingdom. Bacteria also have a number of nitroreductases 
which transfer one or two electrons. The Ames and umu mutagenicity assays employ 
a mutant strain selected for the lack of one of these nitroreductases. It is generally 
regarded that the "classical" nitroreductase was a one electron-transferring enzyme 
(Howard et al., 1967), but recent evidence suggests otherwise (Hajos and Winston, 
1991b). We isolated cytosols from overnight bacterial cultures from the normal, 
nitroreductase-deficient, and nitroreductase-enriched strains of tbeumu assay (chapter 
6 ). Interestingly, all three strains were capable of either NADH or NADPH-dependent 
reduction of 4NP0 to its nitro anion radical. Additionally, based on the resulting ESR 
signal intensity, it appeared that the nitroreductase-deficient strain was the most 
capable of the three strains to generate nitro anion radical from 4NPO. This indicates 
the presence of (an) other single electron transferring enzyme(s) in the nitroreductase- 
deficient strain than that which was deleted or that the enzyme lacking was not 
exclusively associated with one-electron transfer. Studies of the effects of
it
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flavoprotein inhibitors, e.g. PCMB, suggest that this one-electron reducing bacterial 
enzyme is a flavoprotein.
In summary, the entire structure of 4NQO is required for expression of its 
mutagenicity but not its ability to consume 02- Additionally, while some 
generalizations can be made for this compound and similarly structured compounds 
they cannot be extrapolated to all such compounds. Single-electron reduction of 
4NQO produces nitrogen and O2 centered radicals, but this may be associated more 
with detoxification than activation of 4NQO possibly by preventing its further 
reduction to more toxic intermediates. The micro environment of the cell and the 
vastly different conditions within different organs of the body may or may not favor 
production of certain nitro metabolites. Further study of this molecule should focus on 
the physical chemical properties of its reduction environment such as temperature and 
pH. It is well known that high pH will favor nitro anion radicals while lower pH will 
favor hydronitroxyl radicals (Rao et al., 1967). Either pH condition exists in the body 
and can be used in chemical designs to enhance the performance of anti-microbial 
agents.
Environmental exposures to one pure compound are rare. It would, therefore, 
be judicious of us to try to explore artificial mixtures from the stand point of 
mutagenicity and radical production. Simulating mixtures by studying the effects of 
two or more compounds acting together will help us to better understand their 
interactive effects (synergy, antagonism, etc.). In that same vein, characterization of 
enzyme induction by a mixture of xenobiotics may give a more realistic picture of 
what is happening to people everyday as they consume foods and medicines or 
become exposed to toxins in air and water. These types of induction studies paired 
with characterizations of single compounds and "mixtures" of compounds will again 
help in designing future medicinal compounds.
4
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The discovery of glucose oxidase as a one electron transferring enzyme is 
important since the fungi that produce this enzyme in abundance are frequently found 
present at hazardous wastes sites where they act to breakdown the wastes.
Additionally, the use of glucose oxidase to prevent food spoilage may also be 
important since some proteins are known to survive the acid conditions of the 
stomach. If glucose oxidase is one of these enzymes then its effect upon molecules 
other than O2  may be of significance in exposure of people to xenobiotic radicals. 
Further characterization of this enzyme will better reveal the role it and other 
flavoproteins play in radical production.
Finally, the realization that assumptions made about bacterial nitroreductases 
in the Ames and umu assay may not not be correct prompts further characterization of 
the enzyme contents of these strains. Isolation of these proteins and their DNA 
sequences will help to better interpret the results obtained from these mutagenicity 
assays. Without a better understanding of these enzymes assumptions made about 
responses within these mutagenicity assays are merely assumptions.
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Appendix A: Table o f redox potentials
compound
redox 
potential (V) 
Ag/AgCl
4-nitroquinoline-N-oxide (4NQO) 
4-nitrosoquinoline-N-oxide (4NOQO) 
4-hydroxy laminoquinoline-N-oxide (4HAQO) 
4nitropyrridine-N-oxide (4NPO) 
1-nitronaphthaiene (INN) 
quinoline-N -oxide (QNO) 
nitrobenzene (NB) -0.64
- 0.66
- 0.22
-034
-0.16
N/S
N/S
N/S=no readable signal
Redox potentials as determine using dropping mercury electrode with 
a large drop.
Counter electrode: Ag/AgCl
Supporting electrolyte: potassium nitrate 100 mM, pH 7.03 
Blank was subtracted for each case.
Model 384 polarographk analyzer 
initial E = 0.100V 
final E =-1.2 V
Purge 1800 seconds (30 minutes) with nitrogen gas 
drop time 1 second
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Appendix B: NMR spectrum and tables
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'H-NMR o f  4-iutrosoquinoIine-N-oxide in DMSO-ds at 200 MHz.
Proton Chemical shift Multiplicity 
(coupling constants)
H-2 8.67 d (6.8)
H-3 6.71 d (6.8)
H-5 9.70 d (8 3 )
H-6 8.22 dd (8 .3 ,7 .2 )
H-7 8.04 dd (8 .8 ,7 .2 )
H-8 8.60 d (8.8)
H-NMR o f  4-nitroquinoline-L\-oxide in DMSO-d4 ** at 400 MHz.
Proton Chemical shift Multiplicity 
(coupling constants)
H-2 8.65 d (6.8)
H-3 8.27 d (6.8)
H-5 8.60 m
H-6 7.94 m
H-7 7.94 m
H-8 8.55 m
‘H-NMR o f 4-hydroxyam inoquinoline-N-oxide in DMSO-d4 ** at 400 MHz.
Proton Chemical shift Multiplicity 
(coupling constants)
H-2 8.30 d (6.9)
H-3 6.91 d (6.9)
H-5 8.31 d o
H-6 7.62 dd
H-7 7.82 dd
H-8 7.90 m
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A ppendix  D : Table of bacterial strains
Bacterial strains
TA1535 Ames strain
TA I535NR Ames strain
TA1535/pSK1002 standard, umu strain
NM1000 nitroreductase deficient, umu strain
NMIOl 1 nitroreductase enriched, umu strain
$  TA1535/1.8-DNP Ames strain
NM2000 O-acetyltransferase deficient, umu strain
NM2009 O-acetyltransferase enriched, umu strain
Adapted from Oda et al., 1993
description
hisG46, gal, del{chl, uvrB,bio), rfa
As TA 1535, deficient in classical nitroreductase
T A I535  + pSK1002 plasmid
TA I535N R + pSK1002
TA1535/pSK1002 + p N M l l  plasmid
As TA 1535, deficient in O-acetyltransferase
TA 1535/1,8-DNP + pSK 1002 plasmid
TA 1535/pS K 1002 + pNM 12 plasmid
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